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ABSTKACT 
Surfactants show some fascinating properties in solution after a 
threshold concentration, known as critical micellar concentration (cmc), is 
reached. These properties are caused owing to the presence of some 
association structures called micelles which are generally spherical in shape 
around cmc' Micelle formation is restricted not only in aqueous solution of 
surfactant but also the phenomenon is witnessed regularly in nonaqueous 
polar solvents. Micelles can be cationic, anionic, nonionic and zwitterionic 
depending upon the molecular details of the surfactant. There are many 
factors, including temperature, and the concentration of surfactant, 
electrolyte, and organic additives, which determine the cmc and association 
structures of surfactants. 
Packing considerations constitute a factor which involves the nature 
of the head and tail groups of the surfactant.'^  Surfactants with smaller 
headgroup (area) tend to form larger, less curved, or even inverted structures 
{'reversed micelles''). For ionic surfactants, the same area shrinking effect 
may be achieved by addition of a counterion or organic compound. A 
surfactant with a high degree of counterion binding may overcome 
headgroup repulsion by holding the oppositely charged counterion between 
headgroups of similar charge; headgroup repulsion is repressed and rod- or 
disk- shaped micelles become favored. The availability of organic additives 
also suppresses headgroup repulsion and promotes sphere -> rod transition 
in micellar structures. 
When a nonionic surfactant solution is heated, the solution gets 
cloudy at a particular temperature which is termed as cloud point (CP).^ 
Solutions on standing at CP may split into aqueous phase and concentrated 
surfactant solution. For surfactants in general it is useful to consider three 
main types of interactions: electrostatic effects at the charged aggregate 
surfaces formed by ionic surfactants, effects due to the hydration of 
nonionic end groups, and effects due to the high dipole moments exhibited 
by zwitterionic end groups. The intricate balance between repulsive and 
attractive intermolecular and interaggregate forces leading to the clouding 
behavior of the systems is still incompletely understood. The CP-behavior in 
ionic surfactants is fairly new addition^ to the behavior reported for nonionic 
surfactant solutions at elevated temperatures. 
The present thesis is exclusively devoted to the solution behavior of 
ionic surfactants in presence of a variety of salts having organic counterion 
with or without organic additives. There are five chapters in the thesis. 
The solution behavior of surfactants together with theories and 
existing trend related to the work embodied in the thesis are given in 
Chapter I - General Introduction. 
Chapter II contains the experimental details of the work. A list of 
chemicals used in the investigations is also included in this chapter. The 
main methodologies adopted have been: viscometry, CP measurements, and 
conductimetry. 
Chapter III is concerned with the structural transitions in cationic 
surfactant, cetyltrimethylammonium bromide (CTAB), solutions in the 
presence of sodium salicylate, sodium benzoate and sodium anthranilate. 
Effects of addition of 1-hexanol and «-hexylamine were also seen by 
performing viscosity measurements at several fixed concentrations of the 
salts. The overall effect on the | r]j\ of 25 mM CTAB solution was found 
higher with 1-hexanol compared to «-hexylamine. The viscosity change in 
the presence of salt with or without additive have been explained in the light 
of synergism produced by the presence of salt counterions and additive 
molecules near the micellar headgroup region/ Owing to the hydrophilicity 
ranking of 1-hexylamine, its solubility is higher in the bulk aqueous phase. 
This, in turn, produces bulk solvent of lesser polarity that can solubilize 
CTAB monomers and be responsible for micellar disintegration and 
decrease in viscosity. Contrary to this, 1-hexanol partitions more at the 
micellar interfacial region which, in combination with salt counterion, 
produces micellar growth and increase in viscosity. 
Owing to electrostatic interaction and hydration state of micellar 
interfacial region, it was thought earlier that CP cannot occur in ionic 
surfactant solutions. Fairly recently, the phenomenon has been reported in 
ionic surfactants too at higher [salt] (~ 4 M). Chapter IV is related to the CP 
measurement studies with ionic and nonionic surfactants in presence of 
tetra-«-butylammonium bromide (Bu4NBr). With the ionic surfactants, an 
initial [Bu4NBr] is needed to observe the CP. Contrary to this, nonionics has 
their own CP's^ which depend upon their concentration in solutions. The 
data show that Bu4NBr addition decreases the CP of sodium 
dodecylbenzene sulfonate (SDBS) and sodium dodecylsulfate (SDS) while 
it increases the CP of polyethylene glycol fer^-octylphenyl ether 
(Triton X-100). This behavior in ionic surfactants is due to the fact that in 
BU4N" the N atom contains a positive charge and is connected with four 
butyl chains and, therefore, can interact electrostatically with the anionic 
micellar surface and hydrophobically (via butyl chains) with the exposed 
chains of surfactant monomers in the micelles.^ These interactions cause 
removal of water of hydration from the micellar surface and be responsible 
for the occurrence of CP phenomenon in the ionic surfactants. The 
hydrophobic interaction of Bu4N^ with Triton X-100 micelles makes the 
nonionic micelle charged producing electrostatic repulsion between the 
micelles: this is responsible for making delay in clouding (decrease in CP). 
On the basis of CP-studies in SDBS solutions a composition was chosen 
(50 mJM SDBS + 35 mM Bu4NBr) to study the effect of additives. 
Interestingly, ureas and thioureas affect CP in an opposite way to what is 
observed in case of nonionic surfactants.'^ The behavior in explained in 
terms of the nature of >C=0 and >C=S bonds. The effects of other additives 
were found in line to their effects on cmc of surfactants. 
Encouraged by the results of Chapter IV that CP can occur in 
presence of Bu4lSr ions in ionic micellar solutions, the studies were 
extended to see the effect of the nature of quaternary counterions in 
invoking the phenomenon in SDS. The results of addition of tetra-«-
butylphosphonium bromide (Bu4PBr), tetraphenylphosphonium bromide 
((j)4PBr), and «-propyltriphenylphosphonium bromide (Pr(|)3PBr) are 
contained in Chapter V. It is observed that effectiveness of the counterions 
to produce CP in the surfactant solution is dependent on temperature range. 
Bu4P"^  produces CP earlier than the two counter but rate of decreasing CP is 
higher with (l)4PBr. However, effect of substitution of phenyl ring by 
^-propyl chain has insignificant effect on the overall CP phenomenon. 
Effects of some hydroxy compounds on selected system 50 mM SDS + 
36 mM salt were also seen. The CP variations observed were found to 
depend on the nature of the additive and the bulkiness of the counterion. 
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A. Surfactants and their Solution Behavior 
The word surfactant is not only a technical term but also a diminutive 
form of the phrase SURFace ACTive AgeNT. Being surface active means that 
these molecules adsorb at the interface between two bulk phases, such as 
gas/liquid, liquid/liquid, or solid/liquid. Here interface indicates a boundary 
between any two immiscible phases and the term surface denotes an interface 
where one phase is gas, usually air. 
Most surfactants are soluble in at least one of the adjoining liquid phases, 
which may be any liquid whatsoever. The driving force for adsorption is the 
lowering of interfacial tension, i.e., minimization of interfaciai free energy.' The 
interfacial free energy is the minimum amount of work required to create unit 
area of the interface or to expand it by unit area. 
Surfactants significantly change the amount of work required to expand 
those interfaces. Surfactants usually act to reduce interfacial free energy rather 
than to increase it, although there are occasions when they are used to increase it. 
Surfactants are the most versatile of the products of the chemical industry. 
Applications of surfactant science range from agricultural sprays to oil recovery 
including areas such as catalysis, coatings, dispersions, electronics, flotation of 
minerals, lubrications, and retardation of evaporation from lakes and reservoirs. 
Of late, surfactants have become the subject of intense investigations by 
researchers in the field of chemical kinetics and biochemistry because of the 
unusual properties of these materials in solutions (e.g., aggregations). 
Surfactants have a characteristic molecular structure consisting of a 
structural group that has very little attraction for the solvent known as a 
lyophobic group (or hydrophobic when the solvent is water), together with a 
group that has strong attraction for the solvent, called the lyophilic group (or 
hydrophilic). This is known as amphipathic structure. The hydrophobic part is 
usually called the tail and consists of one or more hydrocarbon chains, usually 
with 6-22 carbon atoms. Chains may be linear or branched, can contain 
unsaturated portions or aromatic moieties, and can be partly or completely 
halogenated as in fluorocarbon surfactants. The hydrophilic group is called the 
'headgroup'. Phospholipids, major components of membranes in living cells, 
have rigid structures as opposed to the flexible chains of soaps and detergents. 
A simple typical surfactant has the structure R-X, where R is a 
hydrocarbon chain and X is the polar (or ionic) headgroup. Depending on X, 
surfactants can be classified as cationic, anionic, nonionic, or zwitterionic. 
Cationic Surfactants 
These are usually quaternary ammonium, imidazolinium, or alkyl 
pyridinium compounds. 
Examples: 
Cetyltrimethylammonium bromide: CH3(CH2)i5N'^ (CH3)3Br" 
Dodecylpyridinium chloride: ©^^12^25^1 
The positive charge on the headgroup gives the surfactants a strong substantivity 
on negatively charged fibres, such as cotton and hair, and they are therefore used 
as fabric and hair conditioners. 
Anionic Surfactants 
These include the traditional soaps (-CO ) and the early synthetic 
detergents, the sulphonates (-SO3") and sulphates (-OSOs"). 
Examples: 
Potasium laurate: CH3(CH2)ioCOO"K* 
Sodium dodecyl sulphate: CH3(CH2)i lOSOjlSIa^ 
Basicity and phase data^ have led to the following rank ordering of these 
groups with respect to their hydrophilicity: 
- C02~ » - SOs" > - OS03~ 
Phosphate mono -(-P(0H)02~) and dianions (-P03^")are also important 
hydrophilic groups. 
All of these still feature extensively in cleaning formulations. The major 
advantage of the sulphonates and sulphates over the carboxylates is their greater 
tolerance of divalent metal ions in hard water. 
Nonionic Surfactants 
These are dominated by the ethoxylates, -(-OCH2CH2)nOH. This class of 
surfactants also includes several so-called semi-polar compounds such as the 
amine oxides, sulphoxides, phosphine oxides, pyrrolidones, and sugars. 
Examples: 
Polyethylene glycol ?er^octylphenyl ether: C8Hi7C6H40(CH2CH20)ioH 
Polyoxyethylene hexadecyl ether: CH3(CH2)i5(OCH2CH2)2iOH 
These surfactants are used extensively in low-temperature detergency and 
as emulsifiers. 
Zwitterionic Surfactants 
This type of surfactants can behave as either an anionic, nonionic or 
cationic species depending on the pH of the solution. These are used in the form 
of betaines (-N^(CH3)2CH2C02') or sulphobetaines (-N^(CH3)2CH2S03'). 
These compounds are milder on the skin than the anionics and have 
especially low eye-sting effects, which leads to their use in toiletries and baby 
shampoos. 
Among the naturally occurring surfactants in the class are the important 
lecithins or phosphatidyl cholines, which have the head group, 
-0-PO"'3-CH2CH2N^(CH3)3. 
Gemini Surfactants 
Recently, a new class of surfactant has been introduced.^'' These 
surfactants, in contrast to their more conventional (one alkyl chain and one 
headgroup) counterparts, are made of two hydrophobic chains and two 
hydrophilic headgroups covalently attached through a spacer group which can be 
hydrophobic or hydrophilic, flexible or rigid.^ These are known as dimeric or 
gemini and few of them posses remarkable rheological properties 
(viscoelasticity, gelification, shear thickening) at relatively low concentration, 
which are not observed with conventional surfactants having the same alkyl 
chain.^ 
Example: 
«-C,6H33 N^ Me2(CH2)„ N" Mez^-C.eHss 
Br" Br" 
The preparation and properties of conventional surfactants, in general, 
have been given in the monograph of Fendler and Fendler.^ 
In dilute solutions surfactant molecules exist as individual species in the 
media and these solutions have completely ideal physical and chemical 
properties. As the surfactant concentration increases, these properties deviate 
gradually from ideality. 
When the concentration of the surfactant molecules increases from zero, 
certain macroscopic properties, such as surface tension or osmotic 
compressibility of the solution, are found to change abruptly over a narrow range 
of the concentration. This suggests that there is a concentration above which 
some sorts of aggregates would form with a high probability, which affect the 
transport and thermodynamic properties of the solution. This threshold 
concentration of the surfactant molecules is called the critical micellar 
concentration (cmc). 
Some of the techniques used frequently to identify the cmc are surface 
tension^, osmotic pressure, electrical conductivity, ' H NMR^, light scattering'°, 
fluorimetry", interference refractometry'^, etc. 
The different experimental methods available for deteraiining the cmc are 
summarized by Shinoda et al.''^  and Elworthy et al.''*, and are discussed by 
Mukejee and Mysels.'^ However, it must be noted that, for a given surfactant, 
small differences can be observed between the cmc values determined by 
different methods.'^ Even when the same data is plotted in different ways, 
different cmc values can be obtained. '^  
The aggregation of monomers to micelles results in a free energy 
decrease. When monomers transfer into the micelle, the high energy of the 
hydrocarbon/water interface is lost, as the chain is now in contact with others of 
a like nature. Also, the structuring of water around the hydrocarbon part of the 
monomer is lost. Hence, an ordered state becomes a disordered one with respect 
to water. This implies a positive entropy change and decrease in free energy. 
Thus, the loss of hydrocarbon/water interfacial energy and loss of water structure 
are the driving forces for the formation of micelles. 
In case of ionic surfactants, the electrostatic and the steric repulsive 
interactions between the polar headgroups, which are confined to lie on the 
surface of the aggregates, will act to increase the free energy of the system. Also, 
formation of ordered aggregates from disordered monomers in solution would 
cause the entropy of the system to decrease. Thus, these two effects combined 
will not favor formation of the aggregates. The overall decrease in free energy 
due to loss of hydrocarbon/water interfacial energy and water structure 
outweighs the free energy rise due to electrical work and translational freedom 
losses, giving a stabilizing of the micelles. 
Nonionic surfactants, for which no electrical forces are expected to 
oppose micellization, form micelles at lower concentrations than ionic ones. 
Forces opposing micellization for this class of surfactant may arise from 
solvation changes of headgroups, or entropic effects when the flexible 
hydrophilic (polyoxyethylene) chains are brought together in the micelle. 
Micelles 
Micelles are not rigid rather they are dynamic aggregates. There is a dynamic 
equilibrium between aggregated molecules and monomers. Water molecules and 
counterjons are also exchanged between the micelles and the bulk solvent. In an 
aqueous surfactant solution, micelles break and reform at a fairly rapid rate, in 
the range of milliseconds.'^"'^ Kinetic studies indicate that the lifetime of a 
monomer in the micelle is about 0 .01-1 ms.^ ° Micelles are thermodynamically 
stable and easily reproducible, obviously they are destroyed on dilution. 
Normal Micelles 
Aqueous solutions of surfactant molecules, at cmc, associate dynamically 
to form normal micelles (Fig. 1.1). Such micelles are considered as roughly 
spherical.'^•''*'^' In polar solvents (i.e., water, formamide, 1,2-diols, etc.)'^ "^ "^"^  
monomers aggregate to form a micelle in such a way that hydrophobic parts 
form the core of the micelle, and the hydrophilic parts are projected outwards 
into the polar bulk and locate at the micelle-solvent interface such that the 
hydrophobic parts are shielded from the solvent. 
The surface of micelles formed from ionic surfactants is highly charged 
and is neutralized directly by the incorporation of counterions into the micellar 
surface, forming the Stern layer^ "^^ ^ which extends from the core to within a few 
angstroms of the shear-surface of the micelle. The compactness of the Stern 
layer is responsible forthe reduction of the net charge on the micelle. Most of the 
s t e r n layer 
c?' 
Counterion 
FIG. 1.1: Spherical micelle. 
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remaining counterions are, however, located outside the shear-surface in the 
region called 'Gouy-Chapman layer' or diffuse layer. 
There is also another defined region within micelles called palisade layer 
(mantle) which includes the headgroups and the first few methylene groups. 
According to Hartley model, the overall volume of a micelle is approximately 
twice that of Stem layer.^ '^^ ° 
The nonionic micelles arrest water molecules at the palisade layer by 
hydrogen bonding of water with the polyethylene oxide groups.• '^ Water may 
remain trapped in the region. 
Reverse Micelles 
In nonpolar medium, viz. cyclohexane, carbon tetrachloride, chloroform, 
hydrocarbons (benzene, heptane, octane, decane, etc.) surfactants associate to 
form the so-called reverse/inverted micelles. The monomers organize in a 
reverse manner, with their headgroups oriented towards the interior or core and 
the nonpolar tails or hydrophobic parts towards the solvent. They are called 
'reverse micelles'. A trace amount of water helps easier and stable formation of 
reverse micelles. Water present in the medium forms a pool in the interior of the 
micellar aggregate. The size and properties of reverse micelles vary with the 
amount of water present. ' Water in the reverse micelles is expected to behave 
very differently from ordinary water because of extensive binding and 
orientation effects induced by the polar heads forming the water core."''* It has 
been found that enzyme activities may also be enhanced or reduced by trapping 
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them inside the aqueous pool of reverse micelles. The enzyme may show 
increased stability in compartmentalized liquids. 
Mixed micelles 
Mixed micelle means a micelle composed of surfactants capable 
themselves of forming micelles. Mixed micelles are formed from more than one 
chemical species. Formation of mixed micelles by the mixtures of binary or 
ternary surfactants of similar or identical chain lengths have been studied and 
their thermodynamics has been described. ' 
Mixed micelles are also formed when low-molecular-weight molecules 
are solubilized by micelles formed from surfactants containing a relatively larger 
nonpolar side-chain. The solubilized substance, also called a penetrating 
addilive^^, may be located in the hydrocarbon core''^, or the hydrophilic mantle.'" 
Thus mixed micellization is a special case of solubilization. 
Specific interactions (synergistic or antagonistic) between surfactants 
result in solutions of surfactant mixtures having micellar and phase behavior 
properties which can be significantly different from those of the constituent 
single surfactants. 
The cmc of mixed micelles fall within the highest and lowest individual 
cmc values of components as shown for binary and ternary mixtures.''' In 
aqueous solutions of binary surfactant mixtures synergistic (attractive) 
interactions between the two surfactant species result in cmc's which can be 
substantially lower than those in solutions containing the constituent single 
surfactants. On the other hand, antagonistic interactions, in mixtures of 
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hydrocarbon-based and fluorocarbon-based surfactants in aqueous solution, 
result in mixture cmc's that can be considerably higher than the cmc's of the 
constituent single surfactants.''^ ''''^  
Many theories concerning the cmc of mixed micelles have assumed the 
ideality of each component in the micellar phases.'*'*'''^  These theories work well 
for mixtures of homologous surfactants but not for nonhomologous mixtures. 
Rubingh''^ formulated a theoretical treatment for mixtures of nonhomologous 
surfactants using regular solution theory. The theory includes a specific 
interaction parameter giving a measure of the interaction of the surfactant 
species in solution. Although found to be reasonably satisfactory , the theory 
was criticized on the thermodynamic grounds. Nagarajan's model successfully 
describes the observed nonidealities in the mixed micellar solution cmc without 
the use of any empirical interaction parameters. But this approach cannot be 
used to predict the phase behavior and phase separation of mixed micellar 
solutions at high surfactant concentrations, where intermicellar interactions play 
a dominant role. However, the theory developed by Sarmoria and Puvvada '^  
has a more quantitative basis and works better to extract information on mixed 
surfactant systems over and above micellar compositions. 
Mixed micellar solutions are currently a subject of considerable practical 
importance because they can exhibit properties which are superior to those of 
solutions containing the constituent single surfactant. ' 
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Factors Affecting Micelle Formation 
(a) Structures of the Surfactant 
(i) Hydrophobic Group 
The cmc in aqueous media decrease as the hydrophobic character of the 
surfactant increases, i.e., cmc decreases as the number of carbon atoms in the 
hydrophobic group increases. A phenyl group that is part of a hydrophobic group 
with terminal hydrophilic group is equivalent to about three and one-half 
methylene groups. Other features of the structure of the hydrophobic groups, 
e.g., chain branching, unsaturation or molecules having more than one 
hydrophobic chain, have less influence on the cmc. When carbon-carbon double 
bonds are present in the hydrophobic chain, the cmc is generally higher than that 
of the corresponding saturated compound, with the cis isomer generally having a 
higher cmc than the trans isomer. The introduction of a polar group such as -O-
or -OH into the hydrophobic chain generally causes a significant increase in the 
cmc in aqueous medium at room temperature. When the polar group and the 
hydrophilic group are both attached to the same carbon atom, that carbon atom 
seems to have no effect on the value of the cmc. The replacement of a 
hydrocarbon-based hydrophobic group by a flurocarbon-based one with the 
same number of carbon atoms appears to cause a decrease in the cmc. In 
aqueous medium, ionic surfactants have much higher cmc's than nonionic 
surfactants containing equivalent groups. Zwitterionic surfactants appear to have 
about the same cmc's as ionics with the same number of carbon atoms in 
hydrophobic group. 
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(ii) Hydrophilic Group 
There is a pronounced difference between the cmc's of ionic and nonionic 
surfactants with identical hydrophobic moieties indicating the influence of 
hydrophilic group on the cmc. The lower cmc's of the nonionic surfactants are a 
consequence of the lack of electrical work necessary in fomiing the micelles. 
The position of hydrophobic group in hydrocarbon chain also affects the cmc. 
The closer the hydrophilic group to the centre of the chain, the higher the cmc; 
due to the two branches of the chain partially shielding one another. Surfactants 
containing more than one hydrophilic group in the molecule show larger cmc's 
than those with one hydrophilic group and the equivalent hydrophobic group. 
(Hi) Counterion in Ionic Surfactants 
The cmc in aqueous solution reflects the degree of binding of the 
counterion to the micelle. Increased binding of the counterion, in aqueous 
systems, causes a decrease in the cmc of the surfactant. The extent of binding of 
the counterion increases with increase in its polarizability and valence, and 
decreases with increase in its hydrated radius. 
The binding of alkali ions to anionic micelles increases in the order Li^ < 
Na^ < K"" < Rb^ < Cs^" In other words, cmc values decrease in the same order. 
The binding of anionic counterions to cationic micelles increases in the order F" 
< Cr < Br' < NO3' < r.^ '* In addition, the counterion binding increases with 
increase in counterion hydrophobicity^^"^ ,^ promoting micelle formation. For 
organic counterions, in particular, the binding of monovalent counterions with 
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more than three methylene groups^ '^^ ^ and of divalent counterions with more 
than six methylene groups^ '^^ ^ increases steeply. 
Counterion binding, in general, increases with increasing alkyl chain 
length for ionic surfactants ^°'^ ,^ and decreases by addition of alcohols.^ '^^ '* 
Divalent counterions, on the other hand, stimulate the growth of micelles, and 
this increase in growth is accompanied by both a decrease in the cmc and an 
increase of counterion binding. Recent study by Bijma et al.^ ^ has shown that the 
structure and nature of counterions influence the critical worm-like micelle 
concentration of alkylpyridinium surfactants which is the concentration at which 
sphere-to-worm transition takes place. 
(iv) Empirical Equations 
Empirical relationship for ionic surfactants in aqueous medium was found^^ 
in the form, 
log Cen^c - A - B N (1.1) 
where A is a constant for a particular ionic head at a given temperature, B is a 
constant « 0.3 at 35 °C and N is the number of carbon atoms in the hydrophobic 
chain. For nonionic polyoxyethylenated alcohols and alkylphenols in aqueous 
medium, empirical relationships have been found between the cmc and the 
number of oxyethylene units N' in the molecule, in the form 
logCe,e = A' + B'N' (1.2) 
where A' and B' are constants for a particular temperature and hydrophobic 
group. 
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In all these relationships the aqueous solution decreases as the 
hydrophobic character of the surfactant increase. 
(b) Electrolytes 
In aqueous solution of ionic surfactant the presence of electrolyte causes a 
decrease in the cmc. The effect of the concentration of electrolyte is given by the 
following equation^^ 
log Ccmc ^ - a log Ci + b (1.3) 
where a and b are constants for a given ionic head at a particular temperature and 
Cj is the total counterion concentration in moles per litre. 
On increasing electrolyte concentration, the forces of electrostatic 
repulsion between headgroups in a micelle are considerably reduced, enabling 
micelles to form more easily, i.e, at lower concentration. 
In case of nonionics and zwitterionics the effect is given by the 
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equation : 
log Ccmc = - K Cs + constant (Cs < 1) (1.4) 
where K is a constant for a particular surfactant, electrolyte and temperature and 
Cs is the concentration of electrolyte in moles per litre. 
The change in the cmc of nonionics and zwitterionics on the addition of 
electrolyte has been attributed '^'" '^ mainly to the 'salting out' or 'salting in' of the 
hydrophobic groups in the aqueous solvent by the electrolyte, rather than to the 
effect of the latter on the hydrophilic groups of the surfactant. The effects of the 
anion and cation in the electrolyte are additive and appear to depend on the 
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radius of the hydrated ion, that is, the lyotropic number; the smaller the radius of 
the hydrated ion, the greater the effect. Thus the order of effectiveness in 
decreasing the cmc^ '^^ ^ is 1/2 S04^' > F" > BrOa" > CI' > Br" > N0{ > V > CNS" 
and NH4"^  > K* > Na"^  > Li^ > 1/2 Ca^ .^ Tetraalkylammonium cations appear to 
increase the cmc, the order of effectiveness being^^: (C3H7)4N"^  > (C2H5)4N^ > 
(CH3)4N^ 
(c) Organic Additives 
Small amounts of organic materials may produce marked changes in the 
cmc in aqueous media. Knowledge of the effects of these materials on the cmc 
of surfactants is therefore of great importance both for theoretical and practical 
purposes. The organic additives affect the cmc by being incorporated into the 
micelle or by modifying solvent-micelle or solvent-surfactant interactions. 
Generally, polar organic compounds such as alcohols and amides reduce 
the cmc by being incorporated into the micelle. Short chain compounds are 
adsorbed mainly in the outer portion of the micelle close to the water-micelle 
interface. The longer-chain compounds are adsorbed mainly in the outer portion 
of the core, between the surfactant molecules. Adsorption of the additives in 
these fashions decreases the work required for micellization. Depression of the 
cmc appears to be greater for straight-chain compounds than for branched ones 
and increases with chain length to a maximum when the length of the 
hydrophobic group of the additive approximates that of the surfactant. 
Additives that have more than one group capable of forming hydrogen 
bonds with water in a terminal polar grouping appear to produce greater 
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depressions of the cmc than those with only one group capable of hydrogen 
bonding to water7^ Hydrocarbons and very short-chain polar compounds (e.g., 
dioxane and ethanol) decrease the cmc only slightly.'''' In these compounds 
adsorption occurs on the surface of the micelle, close to the hydrophilic head. 
Compounds such as urea, formamide, N-methylacetamide, guanidinium 
salts, dioxane, ethylene glycol, and polyhydric alcohols such as fructose and 
xylose, affect cmc by modifying solvent-micelle or solvent-surfactant 
interactions. 
(d) Effect of pH 
When surfactant molecules contain ionisable groups such as ~NH2, 
-(CH3)2N —>0 and -COOH, the degree of dissociation of the polar group will be 
dependent on pH. In general, the cmc will be high at pH values where the 
group is charged (low pH for -NH2 and - (CH3)2N->0, high pH for -COOH) 
and low when uncharged. Some zwitterionic surfactants become cationic at low 
pH, a change that can be accompanied by a rapid rise in the cmc''^, or a more 
modest rise^^ depending on the hydrophilicity of the zwitterionic form. 
(e) Effect of Pressure 
The effect of pressure on micelle formation of ionic " and nonionic 
surfactants ' has been studied. The cmc increases upto pressure of about 1,000 
atmospheres and decreases with further increase of pressure. It has been 
suggested that the soap molecules when present in the micelle are in a more 
expanded condition than when present as the monomer in solution, so that the 
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initial effects of pressure tend to compress the micelle and mitigate against the 
increased freedom of the monomer in the micelle, thus giving a rise in cmc. The 
decrease in cmc on increasing the pressure above 1,000 atmospheres may be due 
to an increase in the dielectric constant of water, making less electrical work 
necessary to bring a monomer into a micelle. 
(f) Effect of Temperature 
The effect of temperature on micelle formation is essentially guided by 
the way temperature affects the solubility and other behaviors of surfactants in 
solution. Effect of temperature on nonionic surfactants is straight forward. The 
cmc of nonionic surfactants based on po]y(ethylene oxide) decreases with 
increasing temperature as the hydrophilicity of the PEO chain decreases. 
Several factors contribute to the decrease in hydrophilicity at a higher 
temperature but the three most important are: 
(i) change in the water structure around the EO groups, 
(ii) change in the hydrogen bonding to the EO groups, and 
(iii) change in preferred conformations of the EO chain. 
In contrast, the effect of temperature on the cmc of ionic surfactants is 
more complex. The cmc of ionic surfactants generally passes through a 
minimum at Tm with increasing temperature. The apparent entropy change of 
micellization, which is based only on a cmc change with temperature, decreases 
from a positive value to a negative one at Tm with increasing temperature. The 
positive entropy change substantiates the idea that the hydrophobic bond 
supplies a motive force. The negative entropy change indicates that with 
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increasing temperature the ordinary condensation effect becomes stronger than 
hydrophobic effects. 
(g) Effect of Solvent Medium 
In ethylene glycol, the cmc of surfactants decreases as the length of the 
hydrophobic chain increases, but the change is much smaller than that in water.^ '* 
For polyoxyethylenated nonionic solutions in benzene and carbon 
tetrachloride, cmc's decrease with increase in the length of the polyoxyethylene 
group at constant hydrophobic chain length. 
The cmc's in benzene for alkylammonium carboxylates increase with 
increase in the length of the alkyl chain of the anion but decrease with increase 
in the length of the alkyl chain of the cation; in carbon tetrachloride, there is no 
significant change in the value of the cmc with these structural changes. 
The cmc of hexaoxyethylene dodecyl ether in cyclohexane saturated with 
water increases markedly with increase in temperature from 10-50 °C.^ ^ 
The cmc is lower in D2O than H2O for different surfactants.^ '^^ ^ The 
hydrophobic bonds are expected to be stronger in D2O than HaO.^ ^ Micelles in 
D2O are larger than H20.^ ^ 
Packing Parameter 
Micelles formed by surfactants in aqueous solutions can be of varied 
shapes: spherical or spheroidal, elongated (prolate) or disklike (oblate). The 
study of the means to control the shape of micelles has always been an important 
topic of research in surfactant science. Indeed, micelle shape determines to a 
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on 
large extent the properties of surfactant solutions, in particular their rheology 
and the dynamics of micelles.^^'^' Also, the solubilization of water-insoluble 
compounds by micellar solutions, which is at the basis of many applications of 
these systems, depends on micelle shape. The surfactant packing parameter, 
introduced by Isrealachvili et al.^ ^ has provided a criterion for predicting the 
shape that aggregates of a given surfactant will adopt in aqueous solutions at a 
concentration well above the (cmc). The packing parameter Rp is 
Rp = v/ao/o (1.5) 
where v is the volume of the surfactant moiety, made of one or two alkyl chains 
in most instances, /Q its chain length in the fully extended conformation, and ao 
the area occupied by surfactant headgroup at the water/micelle hydrophobic core 
interface, /Q and v canbe calculated by using Tanford's equations.''* 
The packing parameter may be used to describe a variety of shapes of 
micelles. When Rp < 1/3, spherical micelles are favored and when 1/3 < Rp < 1/2 
cylindrical and rodlike micelles are preferred.^'' The micelle shapes tend to be 
bilayer for Rp > 1/2 and when Rp = 1 vesicles are formed. For Rp > 1 reverse 
micelles may be obtained. 
For a conventional surfactant the ratio v//o is close to 21 A ,^ and the value 
of Rp is therefore essentially determined by that of ao. 
The effect of various parameters such as the length and branching of the 
surfactant alkyl chain, the size of the headgroup, the nature of the counterion, the 
ionic strength, etc., on the shape of micelles of conventional surfactants can be 
explained in terms of ao. 
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Structures of Micelles 
Micelles are soft and flexible, i.e., fluid-like. The forces that hold 
surfactant molecules together arise from the weaker van der Wails, hydrophobic, 
hydrogen-bonding and screened electrostatic interactions. 
The solution conditions such as electrolyte concentration, pH, etc., of a 
micellar solution affect both the intra and inter-micellar interactions, modifying 
the shape and size of the micelles. 
Spherical Micelles 
The surfactant molecules with packing parameter Rp < 1/3 form spherical 
micelles. The spherical micelles are formed when the surfactant molecules have 
large headgroup area and a small volume. The micelle radius is approximately 
equal to the maximum stretched out length of the surfactant molecule and hence 
the aggregates are extremely small. 
Measurements from the cryo-transmission electron microscopy {cryo-
TEM)'^ suggest a micelle radius of 30 ± 3 A. The dimensions of spherical 
micelles have been established using several techniques. 
The size of the spherical micelle is usually not very sensitive to the 
surfactant concentration, and the micelles are fairly monodisperse. The examples 
of such surfactants, which form nearly spherical micelles, are SDS and 
dodecytlrimethylammonium bromide (DTAB). ^ ' ^ 
Cylindrical Micelles 
For the value of packing parameter 1/3 < Rp < 1/2 non-spherical micelles 
such as ellipsoidal, cylindrical are formed. Cylindrical micelles can grow in 
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length without limit. The non-spherical aggregates have lower value of surface 
to volume ratio as compared to the spherical ones. Thus the surfactant molecules 
with small headgroup or large volume have the tendency to form non-spherical 
micelles. For example, CTAB form an ellipsoidal micelle.^^ 
The solution conditions also play an important role in deciding micellar 
structures. For example, spherical SDS micelles transform to ellipsoidal micelles 
when one adds an electrolyte to the solution.^^ 
Cylindrical micelles can be very large and are usually polydisperse, and 
their mean aggregation number is very sensitive to the surfactant 
concentration.'°*^ 
Bilayers and Vesicles 
Bilayers and vesicles are those that can not pack into micellar structures 
due to their small headgroup area or because their hydrocarbon chains are too 
bulky to fit into such aggregates. For bilayers forming surfactants, the value of 
packing parameters must lie close to 1, and this require that for the same 
headgroup area and chain length, their volume must be twice that the micelle 
forming surfactants. Therefore, surfactants with two chains are likely to form 
bilayers.'*'' 
Under certain conditions it becomes more favorable for closed spherical 
bilayers(vesicles) to form rather than infinite planer bilayers. This arises since in 
closed bilayers the energetically unfavorable edges are eliminated at a finite 
rather than infinite aggregation number, which is also entropically favored. 
Thus, so long as the surfactants in curved bilayers can maintain their areas to 
24 
their value, vesicles are the preferred structures. The simple geometric 
consideration show that for 1/2 < Rp < 1, the vesicles are formed. 
Effect of Additives on Structural Transitions 
Surfactant molecules can organize themselves into aggregates when 
dissolved. Usually they form spherical micelles when the concentration of 
monomers exceeds cmc. However, it is possible to obtain other aggregates such 
as, small globular micelles, large cylindrical micelles and spherical vesicles. The 
characteristic of the aggregates formed are determined by the molecular structure 
of the surfactant as well as solution conditions such as concentration, 
temperature, ionic strength, etc.'°"'°"' 
The structural aspects of the above aggregates are investigated using 
techniques such as surface tension studies, electrical conductivity, viscosity, 
NMR, electron microscopy, light scattering and small-angle X-ray and neutron 
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scattermg. 
Sizes and shapes of ionic micelles are sensitively modified in the presence 
of electrolyte and non-electrolyte additives.'°'*'"^^ 
Effect of Salts 
When salt is added above certain concentration to aqueous ionic 
surfactant solutions, rod-like micelles form.^ '^"°^"'°^ The presence of salt ions 
near the polar heads of the surfactant molecules decreases the repulsion force 
between the headgroups. Due to reduction of repulsion between headgroups, 
surfactant molecules approach each other more closely and form larger 
aggregates, which requires much more space for the hydrophobic chains. 
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Because a spherical micelle has a small volume, it must change into the rod-like 
micelle to increase the volume/surface ratio. The existence of rod-like micelles 
was inferred from experiments of light scattering^ '^'°^"'°^ and confirmed by direct 
observation under the electron microscope for some systems."'^'"' 
There are at least two factors responsible for determining such a transition 
of micellar shape in presence of salts. One is the electrostatic effect of simple 
salts due to the counterion binding on ionic micelles, and the other is the 
hydrophobic interaction between surfactant molecules or ions caused by the 
change in the hydrogen bonded structure of water. Many workers have discussed 
the effects of inorganic salts on ionic surfactant solutions in terms of electrostatic 
interactions, ionic hydratability, changes in the water structure, etc., and have 
classified ions as water structure breakers and promoters."^""'' 
Ikeda et al.^ '^"^ ^ showed that for SDS in NaCl solutions a sharp break in 
the apparent micelle molecular weight is observed when the NaCl concentration 
reaches a value of 0.45 M and the break point would correspond to the sphere-
to-rod transition. Such an effect of added NaCl on the SDS micelle was also 
observed by Mazer and co-workers."^'"* Corti and Degiorgio"^'"^ also 
observed large values of aggregation number and hydrodynamically equivalent 
radius of the SDS micelles in 0.6 M NaCl. 
The salt-induced formation of rod-like micelles in aqueous salt solutions 
was reported for a series of cationic surfactants'°^'"^"'^'' by different techniques 
such as light scattering'^^''^''''^^ flow birefringence'^^''^^ viscosity'^^ 
solubilization"^''^^ ' H N M R ' ^ ^ SANS'^° ' '^ ' , and electron microscopy.'^^ Light 
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scattering measurements showed that the sphere-to-rod transition of the micelles 
took place in aqueous NaBr solutions of dodecyltrimethylammonium bromide 
when NaBr concentration was higher than 1.8M.'°^ 
According to Lindblom et al. , Anacker and Ghose ' , and Ford et 
al. the micellar sphere-to-rod transition is highly dependent upon the nature of 
the counterions and the conclusion is that strong counterion binding promotes 
the transition from small to long cylindrical micelles. 
Aggregates with charged surface bind counterions selectively, and their 
solution properties such as aggregates size and shape, phase stability, the binding 
of ions and molecules, and their effects on the rates and equilibria of chemical 
reactions are sensitive to counterion concentration and type.'"'^ "'^  Counterions 
are 'bound' primarily by the strong electrical field created by the headgroup but 
also by specific interactions that depends upon headgroups and counterion type. 
Micellar shape should be determined under the experimental conditions because 
these are sensitive to surfactant chain-length, headgroup structure, and 
counterion type.^''°^''^^''^^ Specific counterion effects on a variety of micellar 
shapes gradually follow a Hofmeister series^, i.e., for counterions of the same 
valence, the size of the effect increases with counterion size and the ease of 
dehydration of counterion. '*'" However, sphericity may also depend upon 
hydrogen bonding interactions between hydrated counterions and headgroups or 
the partial disruption of the hydration layers of the headgroups and the 
possibility that a fraction of the counterions are site bound to surfactant 
headgroup, e.g., contact ionpair formation, cannot be excluded. 
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Several reports indicate that change from Li^ to Cs^ induces micellar 
growth, which is related to hydration of specific counterion.''*^ Compared to 
these alkali metal counterions, symmetrical quaternary ammonium ions (R4lsr) 
are essentially less hydrated and, therefore, binding with the micelle will be 
favorable. On the other hand, R^ N"^  has a low charge density and may also try to 
intercalate between headgroups of anionic micelles. This will decrease the 
electrostatic interactions in addition to increased hydrophobic interactions. All 
these factors will contribute towards micellar growth.^^ 
The presence of multivalent counterions (Ca , Al ) in solutions of 
anionic surfactant strongly enhances the formation of rod-like micelles.'''^''''* 
Multivalent counterion, e.g., Al^ *, can bind together three surfactant headgroups 
at the micelle surface, thus causing a decrease of the area per headgroup.''*'' This 
induces a transition from spherical to cylindrical micelles. 
The organic counterions effects on the micelle structures are stronger than 
inorganic counterions such as chloride and bromide. Salicylate''* '^''*^ and 
thiocyanate''^^ counterions have been shown to be extremely effective at 
promoting the transition when coupled with alkyltrimethylammonium and alkyl 
pyridinium cationic surfactants; so effective that rod formation occurs at or near 
the cmc when the surfactant chain-length is C12 or longer.''*^ At still higher 
concentrations of surfactant, SANS measurements have shown''*^ that the rods of 
some systems shorten when their rotational volumes began to overlap and 
undergo another transition to a different anisometric form, probably to that of a 
disk. 
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Double-tailed surfactants usually form bilayer sheets as their most 
hydrated state allows the molecules to pack only in a lamellar arrangement. 
Upon closing, the bilayers transform to vesicles''^ '^'^ *'. Lamellar aggregates are 
also formed from delicate mixtures of anionic and cationic surfactants in water'^' 
or mixtures of ionic surfactants and long chain alcohols in water.'^ '^'^ •^ or 
electrolyte solution.'^'* Some surfactant molecules in aqueous solution are 
spontaneously transformed from micelles into a lamellar array in the presence of 
high salt concentration. The induction of a lamellar arrangement of surfactant 
molecules by salts finds an important commercial application in liquid laundry 
detergents.'^^''^^ 
Effect of Organic Additives 
When organics are added to aqueous solutions of surfactants, they are 
solubilized into the micelles and sometimes modify the micellar structures. The 
introduction of certain organic additives also promotes the sphere-to-rod 
transition and the continued growth of the rods to the same limit, at which point 
some of the rods apparently revert back to spheres or convert to disks, as 
evidenced by viscosity measurements.'^^ The availability of an organic 
additive/cosurfactant also suppresses headgroup repulsion and promotes a higher 
aggregation number in much the same manner as a counterion, but with a less 
marked decrease in the surface area occupied per surfactant monomer. Amines, 
cosurfactants which may exist in protonated form, have been noted to be more 
effective with anionic surfactants'^^''^ , while the more commonly used alcohols 
are more effective with cationic surfactants. The depressed charge density 
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resulting from the addition of cosurfactant causes a release of bound counterions 
and forms the basis for conductivity'^' studies of the sphere-to-rod transition. 
Continued addition of cosurfactant to a normal spherical micellar solution is 
likely to push the system through the existence of rods and into a liquid 
crystalline state. A longer hydrocarbon tail produces a micelle with increased 
aggregation number resulting in a tendency toward rod or disk-like shapes. 
Longer chains will also lower the concentration at which spherical micelles will 
form. Branching of the alkyl chain favors rod-like micelles by shortening the 
length of the surfactant chain relative to the volume of the hydrocarbon core 
without significantly altering the amphiphile"s headgroup area. 
Smith and Alexander'^^ have determined from sedimentation and 
viscosity studies that methylcyclohexane when added to solutions containing 
cetylpyridinium chloride increases the aggregation number and viscosity only 
slightly and regularly, while additions of aromatic additives showed large 
increases of viscosity and aggregation number. These findings are interpreted in 
terms of aromatic hydrocarbons having the ability to promote rod formation and 
aliphatic hydrocarbons simply swelling the pre-existing spheres. Similar effects 
were found for benzene and cyclohexane with CTAB as surfactant.'^^'^^ 
Aromatic additives clearly behave differently in the cationic surfactant 
than they do in the anionic system. The ability of the aromatics to stimulate rod 
growth in the cationic surfactant system may stem from interaction of the 
delocalized Ti-electron cloud of the benzene ring with the positive charge of the 
surfactant headgroups, a behavior very similar to that of a cosurfactant or 
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counterion. The resulting reduction of headgroup repulsion favors rods by 
shrinking the surface area occupied per amphiphile, thereby allowing the 
aggregation number to increase. The apparent increase of rod promotion with 
longer side chains on benzene emanates from the increase of aggregation 
number associated with an increase of radius. The effect of branching of the 
alkyl chain is to add surface area to the micelle without appreciably affecting its 
volume, drastically reducing the ability of he additive to promote rod-like 
micelles relative to its straight-chain analog. 
In general, an organic additive/cosurfactant with the ability to bear a 
charge opposite to that of the surfactant headgroup is more effective at 
promoting sphere-»rod transition and has the ability to better penetrate the 
surfactant rich film separating the water and oil domains.'^'* 
Spherical to worm-like micellar transitions were also obser\'ed when 
methylsalicylic acid or hydroxybenzoic acid was added to aqueous CTAB 
solution. Lin et al.'^ ^ used the combination of shear rheometry and cryo-TEM to 
investigate the relationship between the colloid microstructures and rheology as 
a function of acid concentration. cryo-TEM micrographs show that the sphere to 
worm-like micelle transition is not abrupt. The worm-like micelles entangle with 
each other and the solutions exhibit viscoelastic behavior. They have interpreted 
this behavior in terms of decrease of the effective area of the hydrophilic 
headgroup by association with the carboxylic acid group and increase of the 
effective area of hydrocarbon chain due to penetration of the phenyl moiety of 
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the acid. They concluded that increasing the effective area of the hydrocarbon 
chain is an important factor in the transition mechanism. 
Synergistic (Organic + Salt) effect 
The size and structure of ionic micelles in the presence of additives have 
been extensively studied during the last few decades. " '^'^ ^"'^ ^ The wide attention 
given to these systems is result of their importance and their complicated 
aggregation behavior. For most aqueous ionic surfactant solutions just above the 
cmc, the micelles are regarded as spherical in shape.'^ '^"^^ Addition of neutral 
additives (e.g., alcohols, amines, etc.) may affect the micellar structure. This 
effect depends on the t}'pes of surfactants used, their concentration, the sail 
content, and the additives.'^^"'^'' 
Nguyen and Bertrand'''^ used incremental calorimetric technique to study 
the effect of low concentrations of alcohols on solutions of SDS with added 
electrolytes at 25 °C. These measurements reveal a discontinuity in the slope of 
partial molar enthalpy of solution versus concentration of alcohol curves. The 
authors assert that this break corresponds to the micellar sphere-to-rod transition. 
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Stephany et al. studies the same system, using light scattering techniques, with 
varying concentration of the electrolyte (NaCl). They varied the concentration of 
1-pentanol too for each NaCl concentration. Their data show characteristics of a 
continuous sphere-to-rod transition. From static and quasielastic light scattering 
methods they concluded that the micelles could be modeled as flexible worm-
like objects. 
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The rod-shaped micelles were formed in aqueous solution of 0.1 M 
CTAB + 0.1 M KBr. The effects of aliphatic n-amines (C4, Ce, C7 or CgNHi) and 
temperature on the above system show that transition of rod-shaped micelles to 
larger aggregates is induced by addition of higher amines (>C6NH2) upto a 
certain concentration, a further increase in concentration produced the opposite 
effect. Addition of C6NH2 amine was reported to induce only a rod-to-sphere 
transition. Kabir-ud-Din et al.'^ ^"'^ ^ interpreted the data in terms of 
solubilization/incorporation (decrease of micellar surface charge density) of 
amines inside the micelles and the nature of the effective solvent (water + 
amine). The latter effect dominated the charge from larger aggregates to smaller 
micelles at higher concentrations of the added amine. The temperature effect was 
similar as of the C4NH2 addition, namely, rod-to-sphere transition. 
Guerin and Bellocq have shown that various phases and critical pomts 
are present in the system SDS/n-pentanol/water/NaCl depending on NaCl 
concentrations and temperature. 
(B) Clouding Phenomenon in Aqueous Surfactant Solutions 
The solubility of a nonionic surfactant in solvent is from simple 
thermodynamics arguments predicted to increase on heating. However, for many 
nonionic surfactants in water opposite behavior is observed; i.e., the solubility of 
the surfactant becomes worse as the temperature increases. 
When an aqueous solution of nonionic surfactant is heated above a certain 
temperature it suddenly becomes turbid owing to the decrease in the solubility of 
the surfactant. The decrease in solubility has been ascribed to the dehydration of 
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the oxythylene groups. At some point it is more favorable for the system to 
separate into two phases. One phases is surfactant rich and the other aqueous, 
containing a concentration of surfactant close to cmc. This phase separation 
temperature is referred to as the lower consolute temperature, LCST, or often 
simply the cloud point (CP). 
CP behavior is well documented in two situation: nonionic 
surfactants ' " and cationic surfactants in concentrated electrolyte 
solution.'°°''°'The nonionic poly(oxythylene) systems have been investigated in 
far greater detail than the ionics. Certain zwitteionic surfactants'^^ also exhibit 
CP behavior. 
The mechanism via which the phase separation occurs remains obscure. 
In the literature'^'"'^^ there has been a long dispute as to whether the phase 
separation, observed as a cloud point, is connected with a rapid increase in 
micellar size at an increased temperature or with as aggregation of relatively 
small micelles. Another possibility is an aggregation of large micelles. Turbidity 
measurements'^'•'^^•'^'^'^^ have been performed in order to determine the micellar 
size. The standard interpretation of these results is that the micellar aggregation 
number increases very rapidly when the cloud point is approached. This 
interpretation has been criticized'^^'^^ because the turbidity must show a big 
increase owing to the presence of CP, a phenomenon that has nothing to do with 
an increase in the molecular weight of the micelles. 
Other methods used to determine the micellar size'^^"'^^, e.g., diffusion, 
viscosity and sedimentation measurements and osmometry, have in general 
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confirmed that the micelles are small at low temperatures but larger at higher 
ones. However, these methods are also subject to difficulties in distinguishing 
between molecular weight and intermicellar interactions. 
Scattering investigations manifest a strong low-angle component in both 
kinds of solution (nonionic and ionic) exhibiting CP."^ "" Historically this was 
ascribed to micellar growth with increasing temperature, but is now widely 
associated with attractions between micelles. The existence of attractive 
interactions between poly(oxythylene) alkyl ethers at elevated temperatures has 
been demonstrated convincingly by Claesson et al. Changes in the hydration 
of the hydrophilic ethylene oxide moieties of nonionic surfactants with 
temperature is widely viewed as the cause of phase separation. Lindman" has 
advanced a model based on conformational changes in the poly(oxythylene) 
chain with changing temperature, from which a change in the dipole moment of 
the hydrophilic chain arises. This is turn leads to a decrease in the polarity or 
hydrophilicity of the surfactant and hence to phase separation. This approach 
differs from the direct H-bond approach associated with hydration models. 
Rather it presents a change in the nature of the solute molecule with temperature. 
Kjellender^ '^^ '^ '^* has argued persuasively that attractions between spherical 
micelles cannot give rise to the low observed critical concentrations but are a 
consequence of attraction between anisotropic micelles. He also showed that 
micelle growth alone is insufficient to cause phase separation. 
In ionic surfactant-electrolyte solutions little is known about the attractive 
potential. Porte'^^''^^ has suggested an analogy with the (Flory-Huggins) phase 
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separation of polymers in a poor solvent, based largely on the worm-like 
structure of ionic micelles at higher ionic strength. 
According to Yu and Xu^ *'^  there may be four factors (van der Waals 
attraction, electrical repulsion, solvation layer and hydrophobic interactions) 
responsible for the CP phenomenon in ionic surfactants. 
Recently, intermediate phase behavior (preclouding) or double cloud 
point is reported for the mixed micellar solution of nonionic surfactant TX-114 
and SDS.2°^ '^ °^  
The effects of various additives on the phase behavior of nonionic 
surfactants have been investigated in numerous studies.^ ^-^" '^^ '° The cloud point 
of aqueous surfactant solutions can be strongly influenced by the presence of 
other materials. CP can be decreased by introducing anions that are water 
structure makers (hard bases, F~ 0H~, S04^~, CP, and P04^~) and certain cations 
(NH4 ,^ alkali metal ions except for Li^). CP can be increased by addition of long 
chain nonpolar materials, anions that are water structure breakers (soft bases, 
SCN', I"), and certain cations (polyvalent cations, H*, Li"^ ).^ ^ 
(C) Importance of the Research Problem 
Many amphiphilic chemicals are very active at various interfaces and can 
form aggregates in solution. The characteristic properties of surfactants have 
been widely applied in many processes, such as flotation, detergency, enhanced 
oil recovery, paint formulation, lubrication, coatings, and deposition. 
Micelles in solution and the aggregates at interfaces also present unique 
microenvironments, which can be utilized for controlling many processes at a 
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level that often cannot be achieved in macroscopic systems. This makes 
surfactants potentially useful in novel separation and reaction schemes that 
include magnetic isotopic separation, solar energy conversion, catalysis, and 
polymer synthesis. 
The studies on surfactants and their mixtures with additives or polymers 
in aqueous solutions are of interest for fundamental understanding of their 
chemical, pharmaceutical, mineral processing and petroleum engineering 
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applications. ' Surfactant mixtures are usually preferred in commercial 
applications because mixed systems often exhibit enhanced properties through 
synergism.^'^"^''' The synergistic effect can be manifested as enhanced surface 
activity, wetting, foaming and many other phenomena. In some cases, the 
interaction among surfactants can also be used to curb undesired behavior such 
as adsorption in enhanced oil recovery process. Thus, studying the properties of 
the mixed ionic systems (of opposite charge) would be of greater relevance in 
the search for high surface active systems.^'^ Unfortunately, however, 
precipitation or turbidity occurs above the cmc in such systems, which is 
regarded as a sign of loss of surface activity which restricts the practical use of 
such mixtures.^'^ Recent viscosity measurements performed with sodium 
dodecyl sulfate (SDS) and quaternary ammonium bromide (l^NBr) 
combinations indicate that with such systems clear regions in oppositely charged 
constituents occur which demands further exploration. 
Keeping this in mind we have studied the synergistic effect in a cationic 
surfactant (CTAB) in simultaneous presence of organic salts and additives. 
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Investigations on mixed surfactants in aqueous solutions are of interest 
for fundamental understanding of their interactions with regard to their multifold 
applications.^"'^'^'^'^ Thus, the stability of mixed systems with respect to 
temperature needs to be known. 
Anionic surfactants SDS and SDBS have been chosen for exploring the 
CP phenomenon in presence of quaternary salts. The effect of various additives 
on the CP's of the above systems has also been studied. 
The subsequent portion of the thesis will comprise of the following four 
chapters: 
Chapter 11: Experimental. 
Chapter III: Micellar Association in Simultaneous Presence of Organic 
Salts/Additives. 
Chapter IV: Salt-Induced Cloud Point in Anionic Surfactant Solutions: Role 
of the Headgroup and Additives. 
Chapter V: Clouding Phenomenon in Ionic Micellar Solutions: Role of 
Counterion. 
CHAPTEK II 
EKPEniMtNTAL 
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The chemicals used throughout the study are listed in Table 2.1, along 
with their abbreviated names, chemical formulas, sources, and purities. 
All the surfactants were used as received. 
Due to their hygroscopic nature the quaternary salts were stored in a 
desiccator. AH the salts (organic and quaternary) and additives were used as 
received. 
The water used to prepare the solutions was demineralized and double-
distilled in all glass (Pyrex) distillation apparatus. The specific conductivity of 
the water was in the range 1-2 x 10'^  S cm"'. 
Special care was taken for cleaning the glasswares. The glasswares were 
properly washed with freshly prepared chromic acid and distilled water then 
rinsed with acetone and kept in oven for drying before use. 
Viscosity Measurements 
Viscosity implies resistance to flow. It is the measure of the internal 
friction of a fluid. It is developed in liquids because of the shearing effect of 
moving one layer of liquid past another. 
The fundamental unit of viscosity is the 'Poise' (1 poise = 
1 dyne.sec.cm"'^). There are a number of methods of different kinds for 
measuring viscosity, r]. The method commonly employed is based on 
Poiseuille's law which is given by, 
;7 = VtP/8v/ (2.1) 
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where v is the volume in cm of the Uquid flowing in t seconds through a narrow 
tube of radius r cm and length / cm under a hydrostatic (driving) pressure of P 
dynes per square centimeter. 
The usual procedure is to determine the viscosity of a liquid with 
reference to that of water. This is termed as relative viscosity {rjr). If ti and t2 are 
the times of flow of the same volume of water and the liquid, respectively, then 
^r = T],l7^2 = (7ir ' ' t ,P,/8v/)/ {nt'tj^z/Swl) = t ,P,/t2P2 (2.2) 
Since the pressure head is proportional to density (p) of the liquid, we have 
r^ = t,p,/t2P2 (2.3) 
Ozeki and Ikeda"'' found density corrections to be negligible, TJ^ values 
may, therefore, be calculated using equation 
.7r = t,/l2 (2.4) 
Aqueous surfactant solutions containing spherical micelles are of low 
viscosity.'^ ^° Addition of salts and organic additives usually changes the 
shape/size of the micelles, which is often reflected by the change in viscosity. 
Micellar growth is accompanied by a distinct rise in viscosity while a solution of 
swollen micelles has distinctly less viscosity. In view to the shape/size of the 
microscopic objects in a homogeneous suspension, one can expect the evolution 
of micellar shape to be reflected in the viscosity variation. 
Stock solutions of surfactant in distilled water (containing either a fixed 
concentration of salt or no salt) were prepared by weight. Sample solutions were 
made by taking requisite volumes of additives with the help of micropipettes 
(Hamilton) in standard volumetric flasks and making up the volumes with the 
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Stock solutions. After proper mixing the sample solutions were left overnight for 
equilibration. To avoid evaporation, the flasks/viscometer were kept properly 
stoppered and sealed. 
The temperature was controlled within ± 0.1 °C in a thermostatic water 
bath, which was designed and assembled in the laboratory with commercially 
available components. 
In the present investigations viscosities of the solutions were obtained 
using an Ubbelohde viscometer thermostated at particular temperatures. The 
method is simple, reliable and provides information related to micellar size. As 
the viscosities of certain systems were highly dependent on the rate of flow, it 
was necessary to obtain values under Newtonian flow conditions. For this 
purpose, the following modification was made in the Ubbelohde viscometer. A 
wide U- tube containing water was connected to one of the limbs of the 
viscometer which is open to the atmospheric pressure under normal operation 
conditions. Thus the pressure, P, can be varied under which the solution flows. 
The viscosity values at different rates of flow can be obtained from the slopes of 
the straight lines P vs. 1/t. 
CP Measurements 
For CP measurement, samples were prepared in distilled water by taking 
requisite amounts of SDS and a particular salt in several graduated Pyrex glass 
tubes. The tubes were well stoppered to prevent evaporation. The tubes 
containing sample solutions were then placed in a temperature-controlled water 
bath with a stability of ± 0.1 °C. The temperature was slowly raised until 
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clouding appeared and it was noted visually. The temperature was subsequently 
lowered until the sample became clear again. The temperature was cycled in this 
way to get CP. The step of a temperature change near CP was practiced with 0.1 
°C/min. After determining CP at a given [salt], the system was diluted 
successively to lower [salt] by adding requisite volumes of the SDS stock 
solution (containing no salt) using micropipette. The above procedure was then 
repeated to get CP's. 
On the basis of above studies, systems were selected to see CP variation 
by adding various organic compounds. 
Conductivity Measurements 
The electrical conductivity of aqueous solutions of surfactants with or 
without Bu4NBr were measured with ELICO conductivity bridge (type CM 82T) 
using platinized electrodes with cell constant 1.02 cm~'. Aqueous surfactant 
solutions were prepared by sucessive dilutions of a concentrated sample. Critical 
micelle concentration (cmc) were derived from the break points in the specific 
conductivity vs. concentration curves. The conductivity can be linearly 
correlated to the [surfactant] in both the pre-micellar and post-micellar regions. 
The ratio of the slopes gives the degree of counterion dissociation (P). 
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Introduction 
A large number of studies have been carried out on tlie effect of 
salts^""^^^ and organic additives^ ^^ "^ ^^  on micellar structural transitions in 
aqueous medium. A kind of 'synergism' (e.g., significant increase in viscosity) 
in such systems have been reported when salts and organic additives are present 
concurrently'^ '^'^ '•'^ '^^ ^ '^^ ^°. In these studies the nature of salts and additives were 
found to play crucial role toward such synergisms. 
It is known that micelles of quaternary ammonium halides (e.g., CTAB) 
grow from spherical to rod- shaped on the addition of different counterions."'' 
Halide anions associate only moderately with surfactant headgroups. and 
micellar growth is gradual. However, with anions that associate strongly, such as 
aromatic salt anions (e.g., Sal'), rod-shaped micelles grow rapidly even at low 
surfactant and salt concentrations'^", and the solutions exhibit remarkable 
231 232 
Viscosity increase. ' 
Aqueous micelles are capable of solubilizing organic molecules with 
quite distinct polarities and degrees of hydrophobicity.^ "^^ The addition of 
different types of molecules leads to large deviations of packing parameters in 
the micellar assembly. Many counterions and organic additives are strongly 
adsorbed at the micellar interface, and depending on their degree of penetration, 
may change the mean distance between polar headgroups or increase the volume 
of the micellar core. The aromatic acid counterions are most efficient with 
cationic micelles. For example, ' H N M R studies have shown that the Saf anion 
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orients in such a way that the negatively charged site (C00~ group) stands 
perpendicular to the CTAB micellar surface.'^ '^*'^ ^^  This results a in large 
reduction of the net surface charge. Similar conclusions are also drawn from 
fluorescence measurements. 
Unlike homogeneous solvents, micelles possess a gamut of solubilization 
environments, ranging from the nonpolar hydrocarbon core of the micelle to the 
relatively polar micelle-water interface.^^' The amount and the solubilization 
environment could play an important role to the resultant micellar morphology. 
Thus, solutes of different structure types may solubilize in distinct regions in or 
around the micelle. At the same time, solutes of similar hydrophobicities may 
compete for the similar environment inside the micelle. Mukerjee had 
proposed that an additive, which is surface active to a hydrocarbon-water 
interface would be solubilized mainly at the headgroup region and promote 
micellar growth. The hydrophilic ranking of organic additives (e.g., alcohols and 
amines) by Wormuth and Kaler^^' may be viewed in terms of their partitioning 
behavior between micellar and aqueous pseudo-phases. Amines were 
determined to be considerably more hydrophilic than alcohols. It has already 
been proposed that interfacial partitioning of organic additives cause micellar 
growth while interior solubilization produces swollen micelles and that these 
two types of micelles impart different viscosity behavior to micellar solutions. 
For their improved performance, surfactants are generally used in 
presence of additives. Studies on surfactants and their mixtures with a variety of 
additives in aqueous solutions are, therefore, of interest with regard to their 
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technical applications.^ ''^ '^ '*^ The presence of grown micelles imparts high 
viscosity to solutions, which might be of importance in industrial formulations 
as it enhances performance and customer appeal of the products. Control of 
viscosity of the formulations with additives can be achieved by varying 
concentration and/or nature of additives. Morever, solubilization of organics in 
aqueous surfactant solutions is useful in micellar enhanced ultrafiltration.^ ''^ '^ '*'* 
Here also, viscosity of the system could be useful to decide the size of the 
ultrafiltration membrane, as viscosity is used as a rough guide of the micelle 
size. 
In view of the fact that viscosit) is sensitive to shape/size of the 
microscopic objects in a homogeneous suspension, one can expect the evolution 
of the micellar shape to be reflected in the viscosity variations. The purpose of 
the present study is, therefore, to see the viscosity behavior of CTAB micellar 
solutions with representatives of aliphatic alcohol and amine families in the 
simultaneous presence of aromatic salt counterions (popular for strong micellar 
surface binding). This study provides interesting viscosity data for the systems 
in which the additives have preference for similar micellar environments. Only 
very few such studies have so far been reported in the literature.'^ ^"^^ '^^ ''^  
Results 
The relative viscosities (^r) of 25 mM CTAB micellar solutions with 
different organic salts (NaSal, NaBen, and NaAn) and organic additives 
(1-hexanol and n-hexylamine) at 30 °C are given in Tables 3.1-3.6. The 
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corresponding rjr variations with [additive] containing different fixed 
concentrations of the organic salts are shown in Figs. 3.1 - 3.6. 
Discussion 
Before discussing the results of CTAB/salt/organic additives, obviously 
we must discuss the CTAB/salt system and morphology of the aggregates in the 
solution. The zero-shear viscosity of quaternary surfactants in the presence of 
salts in aqueous solutions showed two pronounced maxima when salts were 
added upto fairly higher concentrations.'°°'^ ''^ '^ '*^ It was reported that with 
increase in [NaSal], micelles grow in length, begin to overlap, and entangle one 
T i l T^ 1 
another leading to a large increase in viscosity. " ^ However, at low [NaSal], 
the solutions contain slightly elongated micelles and their contribution to 
viscosity is comparatively small.^ '*^ We have chosen a low [salt] range for our 
study of the effect of organic additives to avoid complexities of higher [salt] 
(e.g., double-maxima), where micelles are not very different (although slightly 
elongated in the true sense'^^) from the globular nature of pure CTAB 
micelles.'^*' The organic counterions ( SaP, Ben", An" ) used herein are believed 
to occupy the interfacial region with benzene ring partly incorporated into the 
micellar core of the cationic micelle.^ '^*''^ ^^ '^ ^^  
Effect of 1-Hexanol. Figs. 3.1-3.3 illustrate the interplay of relative viscosity, 
7r, of 25 mM CTAB with 1-hexanol addition at different fixed concentrations of 
the three salts at 30 °C. The addition of 1-hexanol to the CTAB solution (and 
also with 5 mM salt) has practically no effect on the viscosities (Figs. 3.1-3.3). 
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TABLE - 3.1: Effect of addition of 1-Hexanol on the viscosity of 25 mM CTAB 
+ X mM NaSal at 30 °C. 
[1-HexanoI] 
(mM) 
0.0 
5.0 
10.6 
13.2 
15.9 
21.2 
26.5 
31.7 
35.0 
37.0 
39.7 
42.3 
47.6 
52.9 
66.0 
79.4 
92.6 
105.3 
119.1 
132.3 
145.5 
158.8 
172.3 
x^O 
0.104 
0.122 
0.135 
' 
0.144 
0.157 
0.164 
0.172 
0.164 
0.191 
0.213 
0.239 
0.260 
0.293 
(turbid) 
/n 
5 
0.073 
0.097 
0.155 
0.217 
0.210 
0.128 
0.129 
0.143 
0.168 
0.174 
(turbid) 
Vv 
10 
0.771 
1.454 
1.978 
2.423 
2.731 
2.828 
2.797 
2.433 
2.228 
1.977 
1.548 
(turbid) 
15 
1.566 
3.464 
3.826 
4.475 
6.899 
7.845 
7.399 
6.368 
(turbid) 
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TABLE - 3.2: Effect of addition of 1-Hexanoi on the viscosity of 25 mM CTAB 
+ X mM NaBen at 30 °C. 
[1-Hexanol] 
(mM) 
0.0 
7.9 
13.2 
15.8 
23.8 
26.5 
28.8 
31.7 
35.7 
39.7 
43.7 
47.6 
51.6 
52.9 
55.6 
63.5 
66.0 
71.5 
79.4 
87.3 
92.6 
95.3 
105.3 
111.2 
119.1 
132.3 
145.5 
158.8 
172.3 
x-^0 
0.104 
0.122 
0.135 
0.144 
0.157 
0.164 
0.172 
0.164 
0.191 
0.213 
0.239 
0.260 
0.293 
(turbid) 
5 
0.086 
0.080 
0.087 
0.093 
0.099 
0.115 
0.128 
0.136 
0.135 
0.121 
0.121 
0.127 
0.147 
0.153 
(turbid) 
In Tj, 
10 
0.073 
0.068 
0.113 
0.215 
0.355 
0.468 
0.515 
0.533 
0.433 
0.112 
(turbid) 
15 
0.073 
0.446 
0.612 
0.940 
1.368 
1.431 
1.445 
1.549 
1.453 
1.437 
(lurbid) 
25 
0.214 
1.148 
2.134 
2.794 
3.055 
3.195 
3.216 
3.172 
3.120 
3.082 
(turbid) 
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TABLE - 3.3: Effect of addition of 1-HexanoI on the viscosity of 25 mM CTAB 
+ xmMNaAnat30°C. 
[1-Hexanol] 
(mM) 
0.0 
79.0 
13.2 
15.8 
23.8 
26.5 
27.8 
31.7 
35.7 
39.7 
41.7 
43.7 
47.6 
52.9 
55.6 
59.5 
66.0 
71.5 
79.4 
92.6 
95.3 
105.3 
119.1 
132.3 
142.9 
145.5 
158.8 
172.3 
x^O 
0.104 
0.122 
0.135 
0.144 
0.157 
0.164 
0.172 
0.164 
0.191 
0.213 
0.239 
0.260 
0.293 
(turbid) 
5 
0.083 
0.091 
0.137 
0.121 
0.139 
0.181 
0.201 
(turbid) 
In Tj, 
10 
0.072 
0.072 
0.127 
0.148 
0.132 
(turbid) 
15 
0.069 
0.252 
0.788 
1.185 
1.581 
1.679 
1.727 
1.644 
1.424 
(turbid) 
25 
0.055 
1.797 
-
2.916 
3.544 
3.709 
3.748 
3.637 
3.522 
3.334 
3.179 
(turbid) 
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TABLE - 3.4: Effect of addition of n-Hexylamine on the viscosity of 25 mM 
CTAB + X mM NaSal at 30 °C. 
[/7-Hexylamine] 
(mM) 
0.0 
9.0 
12.3 
18.5 
24.7 
26.5 
37.0 
49.0 
52.9 
74.0 
79.0 
S6.() 
98.7 
105.7 
111.1 
123.0 
132.0 
135.7 
148.1 
158.0 
160.4 
172.7 
184.0 
197.4 
206.7 
211.0 
215.9 
232.0 
236.0 
246.8 
263.0 
268.0 
289.0 
299.3 
x->0 
0.113 
0.101 
0.112 
0.123 
0.140 
0.155 
0.173 
0.202 
0.242 
0.299 
0.352 
(turbid) 
In r 
5 
0.087 
0.094 
0.106 
0.115 
0.128 
0.149 
0.177 
0.234 
0.261 
0.315 
0.333 
0.374 
0.288 
(turbid) 
h 
10 
0.086 
0.608 
0.399 
0.233 
0.183 
0.145 
0.157 
0.159 
0.165 
0.197 
0.237 
0.268 
0.314 
0.330 
(turbid) 
15 
3.670 
4.117 
4.460 
4.859 
4.069 
2.512 
1.051 
0.575 
0.484 
0.415 
0.380 
0.358 
0.371 
0.383 
0.396 
(lurbid) 
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TABLE - 3.5: Effect of addition of w-Hexylaiffifrei^ruJhe^yf^^osity of 25 mM 
CTAB + X mM NaBen at 30 °C. 
[«-Hexylamine] 
(mM) 
0.0 
22.2 
26.5 
44.4 
52.9 
66.0 
79.3 
88.5 
111.1 
132.0 
133.0 
155.5 
158.0 
177.7 
184.0 
199.9 
211.0 
222.0 
236.0 
244.0 
263.0 
266.5 
289.0 
303.5 
315.0 
325.7 
341.0 
368.0 
379.6 
x->0 
0.113 
0.090 
0.101 
0.112 
0.123 
0.140 
0.155 
0.173 
0.202 
0.242 
0.299 
0.352 
0.403 
0.460 
0.512 
(turbid) 
5 
0.086 
0.098 
0.124 
0.132 
0.136 
0.152 
0.164 
0.187 
0.219 
0.249 
0.284 
0.347 
0.392 
0.490 
(turbid) 
/n 7r 
10 
0.079 
0.089 
0.111 
0.123 
0.136 
0.154 
0.171 
0.200 
0.246 
0.286 
0.323 
0.383 
0.434 
0.464 
(turbid) 
15 
0.073 
0.091 
0.097 
0.122 
0.132 
0.153 
0.195 
0.226 
0.257 
0.301 
0.357 
0.406 
0.448 
(turbid) 
25 
0.093 
0.213 
0.147 
0.155 
0.178 
0.208 
0.242 
0.289 
0.324 
0.369 
0.423 
(turbid) 
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TABLE - 3.6: Effect of addition of «-Hexylamine on the viscosity of 25 mM 
CTAB + X mM NaAn at 30 °C. 
[«-Hexylamine] 
(mM) 
0.0 
22.2 
26.5 
44.4 
52.9 
66.0 
793.0 
885.0 
105.7 
111.1 
132.0 
133.0 
155.5 
158.0 
177.7 
184.0 
199.9 
211.0 
222.0 
236.0 
244.0 
263.0 
266.5 
277.6 
281.3 
289.0 
311.0 
322.0 
315.0 
341.0 
368.0 
379.6 
x^O 
0.113 
0.090 
0.101 
0.112 
0.123 
0.140 
0.155 
0.173 
0.202 
0.242 
0.299 
0.352 
0.403 
0.460 
0.512 
(turbid) 
5 
0.085 
0.092 
0.101 
0.111 
0.122 
0.136 
0.139 
0.155 
0.191 
0.215 
0.246 
0.447 
0.399 
0.454 
0.469 
(turbid) 
In rir 
10 
0.071 
0.087 
0.102 
0.115 
0.123 
0.139 
0.162 
0.188 
0.230 
0.276 
0.314 
0.387 
0.435 
(turbid) 
15 
0.069 
0.086 
0.094 
0.118 
0.125 
0.155 
0.179 
0.222 
0.258 
0.308 
0.345 
0.402 
0.457 
(turbid) 
25 
0.551 
0.411 
0.239 
0.200 
0.164 
0.184 
0.223 
0.249 
0.268 
0.299 
0.321 
0.384 
0.441 
0.529 
(turbid) 
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FIG. 3.1: Plots of relative viscosities (//r) of 25 mM CTAB micellar 
solutions as a flinction of added 1-hexanol (upto the solubility limits 
indicated by arrows) at various fixed concentrations (x) of NaSal at 
30 °C: X = 0 (O), 5 ( • ) , 10 (©), 15 mM (C ). 
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FIG. 3.2: Plots of relative viscosities (t]^) of 25 mM CTAB micellar 
solutions as a fiinction of added 1-hexanol (upto the solubility limits 
indicated by arrows) at various fixed concentrations (x) of NaBen at 
30 °C: X = 0 (O), 5 (•) , 10 (O), 15 ( € ), 25 mM (0) . 
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FIG. 3.3: Plots of relative viscosities (//r) of 25 mM CTAB micellar 
solutions as a function of added 1-hexanol (upto the solubility limits 
indicated by arrows) at various fixed concentrations (x) of NaAn at 
30 °C: X = 0 (O); 5 (•) , 10 (© ), 15 ( € ), 25 mM (0) . 
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FIG.3.4: Plots of relative viscosities (rjr) of 25 mM CTAB micellar 
solutions as a function of added /i-hexylamine (upto the solubility 
limits indicated by arrows) at various fixed concentrations (x) of 
NaSal at 30 °C; x = 0 (O), 5 (•) , 10 (©), 15 mM (€ ) . 
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FIG.3.5: Plots of relative viscosities (/7r) of 25 mM CTAB micellar 
solutions as a function of added «-hexylamine (upto the solubility 
limits indicated by arrows) at various fixed concentrations (x) of 
NaBen at 30 °C: x = 0 (O ), 5 ( • ) , 10 (©), 15 mM (C), 25 mM (0) . 
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[n-Hexylamine] (M) 
FIG.3.6: Plots of relative viscosities (//r) of 25 mM CTAB micellar 
solutions as a function of added /7-hexylamine (upto the solubility 
limits indicated by arrows) at various fixed concentrations (x) of 
NaAn at 30 °C; x - 0 (O), 5 (•) , 10 (©), 15 ( € ) , 25 mM (0) . 
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This may be due to the fact that the small concentration of CTAB together with 
1-hexanol, even in the presence of 5 mM salt, has no significant effect on 
micellar morphology. The viscosity of the micellar solution containing short 
rod-shaped micelles with smaller axial ratio (~ 4) is not very different from that 
due to spherical micelles. Therefore, these short rods can hardly be detected in 
viscosity measurements. As the concentration of each salt is increased in the 
system, the viscosity patterns change with NaSal (Fig. 3.1) and NaBen (Fig. 3.2) 
while marginal changes occur with NaAn (Fig. 3.3) with increasing [1-hexanol]. 
This behavior may be due to different binding capacities of each counterion that 
would influence the packing parameters "' to a different exlcnl and hence to the 
micellar morphology and viscosity of the system. 
Addition of 1-hexanol at higher NaSa! content causes an increase 
followed by a decrease in viscosity. Similar type of viscosity behavior was 
observed earlier with inorganic salts.'^^•'^' The difference observed herein is that 
the viscosity increase now occurs at quite low surfactant/salt concentrations. 
This indeed is due to different binding abilities of the two kinds of counlerions. 
The reasonable cause of the initial viscosity increase is the decrease in 
electrostatic repulsions (due to SaP) in addition to the increase in hydrophobic 
forces (due to intercalation of 1-hexanol between monomers of micelle). 
However, the observed viscosity decrease at higher [1-hexanol] is interesting. 
Due to -OH group the alcohol has affinity to stay at the interfacial region. 
Therefore, by convention, the viscosity should not decrease as interfacial 
partitioning of an additive causes micellar growth.'^ '^^ '^'^ ^ '^^ '^"^^^ Thus, another 
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solubilization region inside or outside the micelle should be explored. There is a 
remote possibility of 1-hexanol to get solubilized in the bulk aqueous phase. So 
only interior (micelle) partitioning is another possibility. If it is solubilized in the 
micellar interior, the elongation (grown micelle) of the micelle would start 
depleting, and another kind of micelle would be formed, i.e., swollen micelle, 
the solution of which could easily flow and cause a viscosity decrease: this 
indeed is observed in our case (Fig. 3.1). Similar types of viscosity behavior, 
albeit magnitude, were observed with NaBen and NaAn (Figs. 3.2 & 3.3). 
Effect ofn-Hexylamine. In comparison to 1-hexanol, the overall viscosity of «-
hexylamine systems were distinctly lower (Figs. 3.4 - 3.6). Another point of 
difference was a slow increase in viscosities with [^-hexylamine]. One must 
remember that -NH2 group is more hydrophilic than -OH group. This causes 
higher solubility of C6NH2 than CeOH in aqueous solution, and one can expect 
partitioning of «-hexylamine in bulk aqueous and micellar phases in comparison 
to nearly total localization of 1-hexanol in the micellar phase. It was reported 
earlier that C4-C10NH2 were solubilized in ionic micelles by electrostatic and 
hydrophobic effects with amine group left on the surface.^ ^^ Their partial 
dissociation into -NHs"*" and OH" (though feebly) may affect electrostatic 
interactions with the cationic headgroup. 
R-NH2 + H2O ^ R-NH3^ + 0H" 
This effect may oppose micellar solubilization of the amine and micellar growth 
together with viscosity increase. In a lower [NaSal] range, «-hexylamine 
addition causes either no change or continuous decrease, followed by constancy 
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in the viscosity (magnitude of rj^ is low). This may be due to the fact that a low 
[salt] would not be sufficient to neutralize the positive charge of the CTAB 
micelle with a net result in the repulsion of amine molecules from the micelle. 
Further, high hydrophilicity of C6NH2 would also resist it to go towards micellar 
phase. These two interrelated factors cause C6NH2 to stay in the bulk solvent 
producing water + C6NH2 pseudophases as observed by others for lower chain-
length alcohols.'^ '^* This would influence the micellar structure by altering the 
organization of solvent molecules. Also, water + CgNH? would be a belter 
solvent for the surfactant, resulting in withdrawal of monomers from the micelle 
and decrease of micellar size and viscosity. However, at higher [NaSal] (15 
mM). the viscosity increased in the initial concentration range of the amine 
addition. This may be due to the fact that at this [NaSal] the micellar charge is 
possibly nearly (completely) neutralized and poses less (no) restriction on 
C6NH2 to go near the micellar surface and be solubilized in the interfacial 
region. This interfacial partitioning causes micellar growth and is responsible for 
viscosity increase, as indeed observed (Fig. 3.4). However, continuous increase 
of C6NH2 at this [NaSal] (15 mM) caused a drastic fall in viscosity, which seems 
to he due to the solvent effect of water + C6NH2, as discussed above. Similar 
viscosity decrease of micellar solutions in presence of aliphatic hydrocarbons 
had been explained due to core solubilization of hydrocarbons resulting in 
swollen micelles. This observed similarity of viscosity decrease by the 
addition of two types of organic additives (hydrocarbons and amines) known to 
partition at different sites (micellar interior and bulk aqueous phase) demands 
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further discussion on the topic. In our case, the hydrophilic nature of C6NH2 
would not permit us to propose solubilization of it in micellar interior, and the 
decrease can be looked upon as being attributable to dissolution of surfactant 
monomers in water + C6NH2 pseudophase. The experiments performed with 
NaBen and NaAn produced micellar solutions of very low viscosity (Figs. 3.5 & 
3.6), seemingly with no significant effect of C6NH2 addition on micellar 
morphology, which could be understood in the light of predominant partitioning 
of C6NH2 in the bulk solvent with these salts. 
CHAPTEK IV 
SALTS — INVUC^V CLOUV POINT IN ANIONIC 
SUKTACTANT SOLUTIONS: KOLE Of THE 
HEAVmOUP AND AVVITIVES 
68 
Introduction 
Nonionic micellar solutions are well known for their propensity to 
undergo clouding on heating followed by formation of two coexisting isotropic 
phases.'^ "'^ ^ '^•^ ^^ Concentrated aqueous salt solutions of certain zwitterionic and 
ionic surfactants also exhibit clouding behavior.'^ '^'^ °'^ °^ '^ ^ "^^ '^^  Recently, acid-
induced clouding in anionic surfactants was reported. Clouding is attributed to 
the efficient dehydration of hydrophilic portion of the micelle at higher 
temperature. The value of CP depends on the structure and concentration of 
surfactant with or without additive(s).^ ^°'^ ^^ However, the mechanism via which 
the phenomenon occurs remains obscure. The role of oscillations in the critical 
concentration and of micellar growth as mechanisms for the clouding 
phenomenon is still a controversial issue.'^''"^; Large amounts of added 
electrolytes in micellar solutions screen the repulsive electrostatic effects that 
usually stabilize the solutions. 
It is well established that the addition of ionic surfactants increases the 
cloud points of their nonionic counterparts ' and the increase depends on 
composition of the mixed micelles. Recently, preclouding in mixed surfactants 
'^(\1 TAT 0/'C 
has been reported by von Wandruszka and coworkers. Valaulikar and 
Manohar^°^ have demonstrated that the increase in cloud point can be described 
in terms of the surface charge per micelle which is responsible for electrostatic 
repulsion between the micelles. This supports the viewpoint that micelle 
coalescence, rather than micellar growth, is responsible for the clouding process. 
Hence, if introduction of charge to a nonionic micelle delays the phase 
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separation, depletion of the charge on an ionic micelle could cause resumption of 
the phase separation. Thus, charge could be one of the factors to tune CP, 
especially in ionic micellar solutions. 
In most of their applications, surfactant mixtures (combinations include 
surfactant-surfactant, surfactant-electrolyte/non-electrolyte, surfactant-polymer, 
etc.) rather than single ones are preferred as the mixed systems often exhibit 
enhanced properties through synergism. But systematic investigations of 
surfactant mixtures with oppositely charged hydrophobic counterions are sparse. 
The surface activity of oppositely charged systems is usually higher than that of 
other mixed systems. However, precipitation or coacervate formation occurs in 
such systems^^ '^^ '"' which is regarded as a loss of surface activity. Thus, studying 
properties of mixed stable surfactant systems would be of great value to search 
for higher surface active systems. 
Keeping this view in mind we have started systematic studies on 
occurrence of CP phenomenon in sodium dodecyl sulfate (SDS) solutions 
containing quaternary bromides with or without additives.^ ^°'^ '^'^ ^^ Contrary to 
their inorganic counterparts, symmetrical quaternary ammonium ions (R4N^) are 
less hydrated and exhibit ambivalent nature in aqueous solutions. In these ions 
the single positive charge is buried in a paraffin shell produced by the four alkyl 
chains. Therefore, R4N"^  can interact with anionic micellar surfaces 
electrostatically as well as hydrophobically. It has been shown that the CP could 
be tuned with the proper [surfactant]/[R4N^] ratio and could conveniently be 
brought near to or below the ambient temperature.^^^ Therefore, such systems 
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could be used to extract thermally labile analytes such as amino acids, proteins 
or vitamins.^^' The purpose of the present study was multifold: (i) to study 
clouding phenomenon in anionic sodium dodecylbenzenesulfonate (SDBS) 
surfactant, which is used for various commercial applications, (ii) to establish 
[SDBS]/[salt] ratio for the appearance of clouding in this system, (iii) 
comparison with SDS to see the effect of hydration states of the two kinds of 
micellar interfaces, (iv) to see the effect of addition of ureas, amino acids and 
sugars on CP to make these systems compatible with thermally labile 
compounds like proteins and vitamins for their possible extraction by CP 
extraction method" and (v) to automatize the CP for desired application mode. 
For comparison, CP measurements were also made in polyethylene glycol 
/-octylphenyl ether (TX-100) solutions in presence of tetra-A7-butylammonium 
bromide (Bu4NBr). Conductivity measurements were perfonned to obtain cmc 
and degree of counterion dissociation (P). 
Results 
The CP data for solutions containing different amounts of SDBS, 50mM 
SDS, and 50 mM TX-lOO with Bu4NBr are given in Table 4.1 and shown in 
Figs. 4.1 & 4.2. Fig. 3 shows the effect of variation of [Bu4NBr] with [SDBS] at 
different temperatures. The cmc and apparent degree of counterion dissociation 
(P) for these surfactants with or without Bu4NBr at 30 °C are collected in Table 
4.2. Fig. 3 shows the effect of variation of [Bu4NBr] with [SDBS] at different 
temperatures. The effect of addition of various compounds on the CP of chosen 
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system (50 mM SDBS + 35 mM Bu4NBr) are compiled in Tables 4.3 - 4.5. 
Figs. 4.4 - 4.6 are the graphical representation of those data. 
Discussion 
Fig. 4.1 shows the variation of CP with the addition of Bu4NBr to 
solutions of different surfactants (SDBS, SDS and TX-lOO). It is clear that 
Bu4NBr has different effect on the two classes of surfactants (anionic and 
nonionic). The micellar surface is characterized by the presence of water of 
hydration. The Bu4N^ cation, in addition to a positive charge, carries four butyl 
chains. Therefore, as pointed out earlier, it can interact with the micellar surface 
hydrophobically as well as electrostatically. The two modes of interaction 
influence CP in opposite manner for the two classes to which the surfactants 
under study belong (SDS, SDBS - anionic, pure ionic surfactants have no CP; 
TX-lOO - nonionic). In the following paragraphs the influence of Bu4NBr 
addition on each class is discussed separately. 
The first appearance of CP in 50 mM solution of both SDS and SDBS 
occurs at roughly the same [Bu4NBr] (Fig. 4.1) which indicates that the 
hydration states of interfaces with both the anionic surfactants are nearly similar. 
It is quite obvious that at such a high temperature (~ 90 °C) the micellar 
interfacial region is nearly completely dehydrated and, therefore, needs roughly 
the same [Bu4NBr]. However, as the [Bu4NBr] increases, CP - [Bu4NBr] 
profiles (Fig. 4.1) show different variation which demonstrates that Bu4NBr is 
more effective in decreasing CP in the SDBS systems (SDBS + Bu4NBr). 
72 
z 
m 
s 
+ 
c 
c2 
-a 
U 
CL. 
o 
o 
» — * 
>< 
H 
p 
00 
00 
m 
Q 00 
o 
IT) 
<3 
o 
wo 
O 
t 
a. 
>-. 
P-. 
U 
>. 
C-
U 
>. 
o 
>> 
Cu 
O 
>% 
O 
>. 
in 
iri 
o 
o 
(N 
m' 
(N 
o 
o 
CO 
o 
r\i 
oj 
o 
w-i 
lA-1 
w-^  
'^  
"-^  
o 
o 
VO 
O 
•<r 
o 
o VO 
o 
lO 
'—' 
o 
wo 
o 
o 
in 
rn 
00 
c-i 
CN 
o 
o 
m 
iri 
ri 
ro 
O 
O 
m 
vo 
o6 
'-' 
in 
in 
in 
o 
^ 
in 
Tt 
in 
in 
K 
'—' 
oo 
in 
in 
in 
00 
^ 
(N 
o 
o 
in 
(N 
r-1 
, 
od 
^ 
in 
<> 
^^ 
o 
o 
in 
o 
o6 
o 
o 
in 
o 
o 
OJ 
o 
o 
p 
od 
in 
'^  
id 
fN 
O 
o 
o 
CM 
<o 
VO 
m 
m 
M5 
^ 
in 
c-^  
(N 
in 
r-^  
Ti-
o 
o 
<N 
^^  
vd 
'^  
in 
fN 
(N 
rj-
in 
oo 
oo 
in 
od 
fN 
O 
o 
m 
in 
od 
r^ 
oo 
in 
Th 
o 
^ 
rn 
oo 
(N 
'^t 
O 
fN 
fN 
oo 
fN 
• ^ 
in 
mi 
fN 
p 
o 
in 
00 
p 
o 
o 
oo 
OJ 
m 
o 
o 
2 
o 
^ 
r^  
„ 
in 
^ 
o 
vd 
m 
o 
o 
^ 
in 
^ 
fN 
o 
o 
• * 
m 
in 
CO 
<n 
(N 
m 
oo 
p 
in 
in 
^ 
ro 
p 
in 
r~-
p 
^ 
^ 
vq 
-^  
-* 
fN 
00 
C^i 
in 
r-' 
r<-i 
O 
o< 
fN 
r^ 
in 
r-i 
O 
r~^  
CO 
p 
in 
fN 
m 
o 
ON 
in 
ON 
fN 
O 
O 
m 
o 
o 
in 
o 
^ 
'^  
rn 
3^-
-^  
p 
in 
'^  
m 
in 
m 
in 
fN 
m 
^ 
^ 
ro 
m 
r^  
r^  
OS 
fN 
fN 
p 
rn 
^ 
p 
o 
•* 
in 
in 
• * 
ro 
-^  
-^  
o< 
• ^ 
r^ 
TT 
ro 
in 
in 
m 
ON 
r-^  
fN 
in 
od 
m 
o 
o 
fN 
o 
O N 
r--
p 
in 
rn 
in 
^ 
^ 
oo 
m 
"^  
00 
NO 
in 
rn 
ro 
r<-i 
in 
o 
in 
c^  
o 
fN 
O 
ON 
ro 
fN 
00 
p 
in 
ON 
in 
fN 
ro 
in 
r-^  
'J-
NO 
r^ 
-* 
O 
O 
NO 
O N 
fN 
rn 
in 
'^r 
in 
o 
o 
fN 
O 
o 
^ 
• ^ 
in 
in 
od 
•^  
in 
ro 
'^  
O 
O 
00 
NO 
fN 
f-n 
in 
rn 
NO 
m 
o^ 
p 
. — i 
'^  
f^ 
r^  
in 
in 
in 
,—, 
CO 
• * 
in 
o 
00 
in 
fN 
r<-i 
in 
^ 
NO 
o 
ON 
o 
fN 
• * 
•<:f 
'"' 
p 
CN 
ON 
m 
fN 
'^  
in 
o 
00 
m 
fN 
m 
p 
in 
^ 
r-; 
od 
p 
rn 
^ 
o 
o 
in 
w-t 
oo 
fN 
CNJ 
rn 
in 
NO 
NO 
fN 
od 
in 
<r^ 
^ 
O) 
od 
in 
rs 
oo 
r-^  
^ 
r<-) 
O 
O N 
r-
00 
in 
in 
in' 
^ 
rn 
l> 
o 
NO 
oo 
as 
o 
m 
p 
od 
00 
NO 
^ 
p 
od 
'^  
^ 
Nd 
in 
ON 
OO 
_ 
o 
m 
o 
fN 
ON 
fN 
'^  
in p p p in 
O rn rf od ^ 
in in NO NO r~-
rO r~; rO ON r-; 
in T^ (N --^  ^ 
in in 
t~^ ^ 
t^ oo 
in fN 
^ ^ • — ' 
73 
Table - 4.2: Critical micelle concentration (cmc) and apparent degree of counterion 
dissociation (P) for different surfactant systems at 30 °C. 
Surfactant system 
SDS" 
SDBS" 
T X - 100* 
SDBS +2 mM Bu4NBr^ 
SDBS +4 mM Bu4NBr^ 
SDBS +6 mM Bu4NBr" 
10^ cmc (mM) 
8.50 
2.50 
0.24 
1.28 
0.71 
0.47 
P 
0.52 
0.86 
-
0.85 
0.77 
0.78 
"Present work, obtained conductimetrically. 
TromRef 15. 
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TABLE - 4.5; CP (°C) data for 50 mM SDBS + 35 mM Bu4NBr system with 
added sugars. 
[D(+)Xylose] CP 
(mM) 
[D(-)Arabinose] CP 
(mM) 
[D(+)Dextrose] CP 
(mM) 
0.0 
0.031 
44.0 
43.5 
0.0 
0.031 
44.0 
42.5 
0.0 
0.090 
44 
43.0 
0.060 
0.120 
0.275 
0.444 
0.790 
1.260 
1.630 
1.923 
2.302 
2.500 
43.0 
42.5 
41.5 
41.0 
38.5 
36.0 
34.5 
32.5 
30.0 
28.0 
0.061 
0.116 
0.167 
0.257 
0.398 
0.598 
0.753 
1.025 
41.0 
39.5 
38.5 
37.0 
34.0 
30.5 
27.5 
23.5 
0.257 
0.405 
0.550 
0.714 
0.800 
0.957 
39.0 
35.5 
32.0 
28.4 
27.4 
23.4 
77 
[Bu^NBr] (mM) 
FIG. 4.1: Variation of cloud point (CP) with [Bu4NBr] at different 
fixed [SDBS]: O, 10; • , 25; • , 50; A, 75 mM. 
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FIG. 4.2: Variation of cloud point (CP) with [Bu4NBr] for 50 mM 
surfactant solutions: O, SDS; • , SDBS; ®, TX-100. 
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0 25 50 75 
CSDBSl l (mM) 
FIG. 4.3: Plot between [SDBS] and the minimum 
[Bu4NBr] needed for the appearance of CP at different 
temperatures: O, 30; • , 40; € , 90 °C. 
80 
u 
o 
CL 
U 
70 -
30 
0 
- ^ Tetramethylurea 
0.2 
® ffi Urea 
@ e 
e t r a m e t h y U h i o u r e o 
Thiourea 
0.6 O.A 
QAdditiveDl^^) 
FIG. 4.4: Cloud point variation in the system 50 mM SDBS + 
35 mM Bu4NBr with the concentration of ureas and thioureas: 
®, urea; • , tetramethylurea; C ,thiourea; O, tetramethylthiourea. 
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FIG. 4.5: Cloud point variation in the system 50 mM SDBS + 35 
mM Bu4NBr with the concentration of a-amino acids: 
C, glycine; ®, alanine; O, leucine; • , phenylalanine. 
82 
u 
o 
a. 
o 
50 
AO 
30 
^ 
Dextrose C 
^ \ € 
^ Arabinose 
1 1 
Xylose 
1 
0 3.0 1.0 2.0 
CSugarD(M) 
FIG. 4.6: Cloud point variation in the system 50 mM SDBS + 35 
mM Bu4NBr with the concentration of sugars: 
C, xylose; • , arabinose; O, dextrose. 
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This behavior could be understood in view of basicity and phase data 
(as mentioned in Chapter I) which led to the following rank ordering of 
headgroups with respect to their relative hydrophilicity : - C00~ » 
- SOs" > - OSOs". The structural differences in (or near) the surfactant 
headgroup regions of SDBS and SDS seem to affect their cmc and apparent 
degree of counterion dissociation ((3) (Table - 4.2). Presence of a benzene ring 
in the SDBS monomer causes lengthening of the hydrophobic chain (as 
compared to SDS) which is responsible for lower cmc while higher 
hydrophilicity of -SO3 in SDBS monomer seems responsible for a higher p 
value. The only difference in the two surfactant monomers is that SDBS has 
while SDS has - 0 - . This structural difference is responsible for greater 
hydrophobic interactions in between the benzene ring of the SDBS monomer 
and the alkyl chains of Bu4NBr. Also, a higher p value observed in case of 
SDBS (Table 4.2) shows a greater attraction between the micelles and Bu4N"^ . 
These two types of interactions (increased hydrophobic and stronger 
electrostatic) in case of SDBS would cause Bu4N"^  to be more effective to 
remove water of hydration from SDBS micellar interface with a consequent 
steeper fall observed in the CP of SDBS + [Bu4NBr] system (Fig. 4.1). 
Addition of Bu4NBr to the nonionic TX-IOO shows an opposite effect 
(Fig. 4.2) which indicates that a different mechanism is operating toward the CP 
- variation. CP increase has been observed in nonionic micellar solutions on 
addition of different organic acids/salts and also a few ionic 
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smfeicimts.'''''''''''''''''''-'''-''' As shown by Valaulikar and Manohar^^^ 
addition of tiie latter to solutions of nonionic surfactants increased the cloud 
point by introducing electrostatic repulsion between the resultant mixed ionic 
micelles. They further demonstrated that the increase in cloud point could be 
described in terms of the surface charge per micelle. The increase in charge also 
favors an increase in solubility. The rise in CP of TX-lOO in presence of Bu4NBr 
could thus be anticipated and is in tune with the accepted norms. 
Fig. 4.1 shows the variation of CP in SDBS solutions (of different fixed 
concentrations) by the addition of Bu4NBr. CP decreases with [Bu4NBr] in the 
similar fashion as observed with 50 mM SDBS (Fig. 4.2) with the difference that 
a range of sample compositions exists (shaded part of Fig. 4.1) in which the 
clouding process proceeds differently (only in 10 mM SDBS solution). This is 
manifested itself during the rise of temperature in the process of achieving CP: a 
bluish stable dispersion (preclouding) appeared before the solutions clouded in a 
true conventional sense. Similar type of observations were made with nonionic 
surfactants during the addition of ionic surfactants without much 
discussion. ' ' Only recently, a tentative mechanism has been presented for 
the preclouding in a nonionic - ionic surfactant system.^ ^^ The size range of the 
particles in such a system is dictated by the relative proportions of nonionic and 
ionic surfactants. In a separate study, the variation of CP was correlated with 
the charge per micelle. In the above referred systems as well as in the present 
one the charge of the micelle, which is on the change progressively, seems 
responsible for such an interesting phenomenon (preclouding).^^^ 
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It was pointed out earlier^ ^^ that with SDS + Bu4NBr systems slightly 
more than one salt counterion per two surfactant monomers was required to 
produce clouding at ~ 95 °C. To get more insight and to find out similar relations 
the data points of three different temperatures (30, 40 and 90 °C) were subjected 
to linear least squares treatment. In fact, this exercise was made to gather 
information regarding compensation behavior (if any) between [salt] and 
temperature as increasing the [salt] decreases the CP (one should keep in mind 
that an initial [Bu4NBr] is necessary to observe the phenomenon that also 
depends on the initial [surfactant]). Fig. 4.3 shows the effect of the variation of 
(Bu4NBr] with [SDBS] at different temperatures (straight line plots). It can be 
seen thai the positive intercepts reduce near to zero as the temperature for 
determining [Bu4NBr] needed to gel clouding increases. For the system SDBS + 
Bu4NBr, the minimum [Bu4NBr] needed to get clouding (~90°C. Figure 4.3, 
lower curve) follows a relation in which it is computed (by the slope of the 
curve) that ca. one Bu4N^ is required per two SDBS monomers in the system. A 
less [Bu4N"^ ] required than for SDS^^ ^ confirms that Bu4NBr is more effective 
with SDBS (vide supra). At first sight it seems that there is some sort of 
compensation between temperature and [Bu4NBr] (see Fig. 4.3). However, exact 
relationship in between temperature and [salt] could not be derived. 
As mentioned earlier, these studies could prove useful in cloud point 
extraction methods for the separation/preconcentration of different analytes.^''' 
Since analytes can also affect CP of the test samples, we have seen the effect of 
addition of different non-electrolytes (Figs. 4.4 - 4.6) on the CP behavior of 50 
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mM SDBS + 35 mM Bu4NBr system. This system was chosen as a reference 
because it has a CP of ~ 45 °C which has a wider temperature window for 
making variations below and above the CP. 
The CP variations of 50 mM SDBS + 35 mM Bu4NBr with some ureas 
are shown in Fig. 4.4. All the ureas initially increase the CP followed by a 
significant decrease (with thioureas) or near constancy (with ureas). Two 
different mechanisms for urea action on the properties of micellar solutions have 
been proposed: (i) an indirect mechanism whereby urea causes the loss of water 
"structure" that facilitates the hydration of a nonpolar solute^ '^'^ ^ ,^ and (ii) a 
direct mechanism whereby urea replaces some of the water molecules in the 
hydration shell of the solute " . In view of the above, the actions of ureas and 
thioureas are seemingly different which is obvious in the light of different crystal 
structures^^ '^^ ^^ as well as different atoms involved in chemical bonds in their 
OfiO 987 788 
molecules . Jencks and coworkers " have proposed that the increased 
solubility of hydrocarbons in aqueous urea results primarily from a smaller free 
energy of cavity formation in the mixed solvent, resulting from the replacement 
of water by the larger urea molecule in the solvation region. It has also been 
reported that the counterion dissociation degree ((3) of micelles increases with 
780 
urea addition. As a result of increase of P, the micelle hydration would 
increase which would contribute toward CP increase. Another factor is the 
solubility increase of surfactant (with urea addition) in the bulk solvent. The two 
factors taken together would need extra heating in order to observe clouding and 
hence the temperature where the surfactant solubility would decrease drastically 
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in the bulk solvent, viz. CP, would be higher. The above observations can be 
rationalized in terms of competing attractive van der Waals and repulsive steric 
interactions between the hydrated micelles.'^ •''^ ^° In the present case, the latter 
effect seems responsible for the increase of CP in case of urea. At higher [urea], 
both the effects seem equally important and thus give a rather constancy in CP 
vs. [urea] plots. Because of the presence of additional methylene groups in 
tetramethylurea, the initial steep rise in CP may be due to enhanced solubility of 
nonpolar parts of the SDBS monomer and BU4N*. The resultant stabilized 
system (due to enhanced solubility) will obviously show a higher CP. These 
results corroborate the inllucncc of the presence of additional methylene group 
in ureas on cmc variation which shows an increasing trend as the number of 
methylene group increases."'^' The interesting behavior of drastic CP decrease in 
presence of thioureas could be understood in the light of direct interaction of 
thioureas and SDBS + Bu4NBr mixed micelle. Since >C=S bond has different 
nature than the >C=0 bond, one can understand the consequences of electron 
deficient S-atom toward its interaction with SDBS anionic micelle.""" It seems 
that thiourea interacts with SDBS + Bu4NBr micellar system indirectly in the 
beginning causing increase of CP followed by a direct interaction with micelle 
(due to S-atom) causing removal of water from the micellar headgroup region in 
addition to that of possible charge neutralization. 
Fig. 4.5 shows the variation of CP of 50 mM SDBS + 35 mM Bu4NBr 
with the addition of amino acids. Surprisingly, amino acids divide themselves 
into two categories: glycine and alanine produce decreasing effect while leucine 
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and phenylalanine increase the CP. All a - amino acids have similar functional 
group with different side chains. In one of their micellar mediated chemical 
reactions, Kabir-ud-Din et al. have shown that the reaction rate increases with 
increase in hydrophobicity of the side chain. The effect of amino acids on the CP 
may be explained taking cognizance of polarity and hydrophobicity. Glycine 
(and alanine to some extent) prefer a polar environment, and thus they would 
partition in the headgroup region. This partitioning would replace the amount of 
water near the headgroup region with a lower temperature to obtain the CP 
phenomenon. This indeed was observed (Fig. 4.5). On the contrary, hydrophobic 
nonpolar amino acids would prefer micelle interior and in doing so they could 
compete with Bu4N^ for the micellar surface. Steeper rise in the CP in presence 
of leucine or phenylalanine is expected and this is what we observe in Fig. 4.5. 
The effect of adding sugars on the CP variation of 50 mM SDBS + 35 
mM Bu4NBr system is shown in Fig. 4.6. Addition of each of the compounds of 
this category produces decrease in the CP. These observations are similar in 
form to the decrease in the water solubility of hydrophobic derivatives caused by 
sugars and reinforce the belief that 'water structure makers' strengthen the 
hydrophobic interactions^^^ The CP depression indicates 'salting out' effect 
because the temperature range in which the single phase solutions prevail is 
reduced. 
cHAvr^n V 
CLOUVINC^ PHENOMENON IN IONIC MICELLAK 
SOLUTIONS: HOLE Of COUNTEKION 
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Introduction 
Phase separation on heating is a general phenomenon that has been 
investigated in great detail previously in the context of nonionic 
surfactants. "'^ ''^ '^^ '^^ '^ ^^  Beyond CP these micellar solutions turn cloudy. The 
studies show that removal of interfacial water from the micellar surface is the 
key requirement for the clouding phenomenon in surfactant solutions. 
People have discussed their results on the basis of development of attractive 
interactions in micelles on heating. The molecular origin of such attractions is 
a matter of speculation, and it is not evident that hydrogen-bonding interactions 
play a role.~°" Warr and coworkers" ^ gave a mechanism involving hydration 
shells to account for cloud points, whereas Appell and Porte interpreted the 
phenomenon as being analogous to the phase separation of polymers in poor 
solvents. Hence, the overall manifestation of the interactions is that water works 
as a good solvent for the micelles at lower temperature and becomes a poor 
solvent at higher temperature. 
The cloud point in ionic surfactant solutions is fairly recent addition 
which occurs under certain special conditions (high [salt] , specific 
counterion '^^ °'^ ^ '^^ ^^ or special molecular architecture of the surfactant^^''). In the 
ionic surfactant systems the situation is more complex. Since the micelles are 
charged, there must be an electrostatic repulsion between the micelles in addition 
to the van der Waals attraction force. Mikulich^^^ has reported that the degree of 
solvation increases with the increasing surfactant headgroup size. The solvation, 
which is a universal phenomenon for all ionic micellar systems, is, therefore, a 
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factor acting against the occurrence of the cloud point phenomenon. Yu and 
Xu has suggested that cloud point phenomenon occurs due to penetration of 
the alkyl chains of the added counterion into the surface layers of two 
9051 
neighboring micelles. Kaler et al. have suggested that highly hydrophobic 
counterions that can bind strongly to micellar surface are prone to cause phase 
separation. Incidentally, surfactant packing arguments suggest that a strongly 
binding counterion, which penetrates into the micellar body, can also promote 
branching of the micelles.^ '^ '^''^ ' Branched micelles are thus postulated to be the 
characteristic microstructure in a number of cloud point showing systems '^^ '^^ '^', 
with phase separation a natural outcome at network saturation. Seemingly, of a 
parameter that ameliorates branching (such as [counterion] or heating) can 
potentially cause clouding and phase separation as well. 
Appearance of the cloud point in sodium dodecyl sulphate (SDS) + tetva-n-
alkylammonium bromide (R4NBr) systems have been reported and it was 
observed that salts with C > 4 in the alkyl chain (R) caused clouding while the 
lower members failed to produce the phenomenon. On the other hand, quatemary 
surfactants with tri-«-butylammonium headgroups exhibited cloud point in binary 
aqueous solutions. Therefore, the nature of headgroup and counterion seem to 
be of prime importance to observe the cloud point phenomenon in ionic 
surfactants. In this chapter the work pefonned on the CP behavior of anionic SDS 
in presence of quatemary phosphonium salts is described and the effect of phenyl 
rings present in the quatemary counterion have been compared with that having 
butyl chains. For the purpose, tetra-«-butylphosphonium bromide (Bu4PBr), 
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tetraphenylphosphonium bromide ((j)4PBr) and n-propyltriphenylphosphonium 
bromide (Pr(|)3PBr) were used to derive the counterions. Effect of simultaneous 
presence of a few hydroxy compounds has also been seen on the cloud point 
phenomenon occurring in all the above mentioned systems. 
Results 
The CP's observed with solutions containing varying amounts of SDS and 
the quaternary phosphonium salts are given in Tables 5.1 - 5.3 which are shown 
in Figs. 5.1 - 5.4. The least square fitting data of straigh line plots (Figs. 5.5 & 
5.6) between [surfactants] vs. [salts] are compiled in Table 5.4. The CP data on the 
effect of addition of some hydroxy compounds are summarized in Tables 5.5 - 5.7 
and illustrated in Figs. 5.7 - 5.9. 
Discussion 
It could be seen (Figs. 5.1 - 5.3) that the initial [salt] needed to observe the 
CP with SDS depends upon the nature of the salt. To make the point clearer, the 
CP data observed in the three salts used in the present investigations are compared 
for a fixed (50 mM) SDS concentration (Fig. 5.4). While a lower [Bu4PBr] is 
needed for the occurrence of CP in SDS, the rate of decrease of CP per mole of 
salt is higher with <t>4PBr. Obviously, to understand the effect of addition of salts 
on the CP of SDS micellar solutions, one has to consider the nature of the 
counterion and its possible effect on micellar surface charge. 
TABLE - 5.1: CP (° C) data for x mM SDS + y mM Bu4PBr. 
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x ^ l O 
y 
10.0 
9.4 
8.6 
8.1 
7.7 
7.3 
6.9 
6.7 
6.4 
6 1 
5.9 
5.7 
5.4 
5.3 
5.1 
4.9 
4.8 
4.6 
4.5 
4.4 
4.2 
4.0 
3.9 
3.7 
CP 
28.5 
30.2 
32.8 
35.4 
37.2 
39.6 
42.8 
45.5 
49.0 
52.4 
55.7 
60.0 
63.5 
67.5 
70.5 
73.5 
76.5 
79.0 
81.5 
84.5 
86.5 
89.5 
92.5 
95.5 
y 
25.0 
23.4 
21.4 
19.7 
18.3 
17.0 
16.7 
15.9 
15.3 
14.7 
14.1 
13.6 
13.1 
12.7 
25 
CP 
27.5 
29.5 
33.5 
36.0 
42.0 
46.0 
50.6 
55.6 
60.5 
66.5 
73.5 
80.5 
86.5 
92.5 
y 
50.0 
46.9 
42.9 
39.5 
36.6 
34.1 
31.9 
30.6 
29.4 
28.3 
27.3 
26.3 
25.4 
24.6 
24.4 
50 
CP 
21.5 
23.5 
26.5 
30.0 
34.0 
38.7 
44.9 
49.9 
55.5 
62 0 
68.5 
75.5 
82.5 
88.5 
92.5 
y 
60.0 
58.8 
56.6 
54.5 
52.6 
50.8 
49.2 
47.6 
46.1 
44.8 
43.5 
42.2 
41.1 
40.8 
40.5 
40.0 
39.7 
39.5 
75 
CP 
27.5 
28.5 
30.5 
32.5 
35.5 
37.5 
40.5 
44.0 
48.0 
52.0 
56.5 
61.0 
71.0 
72.5 
74.0 
77.5 
79.0 
80.5 
y 
90.9 
28.5 
76.9 
71.4 
68.9 
66.7 
64.5 
62.5 
60.6 
58.8 
56.3 
55.5 
54.8 
54.0 
53.3 
52.6 
51.9 
51.3 
100 
CP 
22.0 
25.5 
28.8 
34.0 
41.2 
44.8 
49.0 
53.1 
58.3 
63.5 
67.5 
70.5 
73.5 
77.0 
81.0 
84.0 
84.5 
89.0 
TABLE - 5.2: CP (° C) data for x mM SDS + y mM ())4PBr. 
<)4 
x ^ l O 
y 
11.0 
10.5 
10.1 
9.7 
9.2 
9.1 
8.9 
8.9 
8.8 
8.7 
8.6 
8.5 
8.5 
8.5 
CP 
22.7 
26.1 
29.9 
34.0 
37.0 
39.8 
45.1 
47.2 
51.9 
58.0 
62.5 
66.0 
71.5 
74.0 
y 
20.5 
19.9 
19.5 
19.0 
18.8 
18.6 
18.5 
18.4 
18.3 
18.3 
18.2 
18.1 
18.1 
18.0 
18.0 
25 
CP 
25.6 
29.6 
34.1 
39.8 
43.3 
47.3 
49.4 
51.4 
54.6 
58.2 
61.0 
64.0 
66.2 
70.6 
74.9 
y 
38.7 
37.5 
36.9 
36.4 
36.0 
35.7 
35.3 
35.1 
34.8 
34.5 
34.3 
34.2 
34.1 
34.1 
34.0 
34.0 
50 
CP 
23.1 
28.3 
31.4 
35.0 
37.0 
40.6 
43.6 
46.0 
49.9 
54.8 
58.9 
62.5 
65.0 
67.3 
69.8 
72.7 
y 
58.1 
56.2 
55.4 
54.5 
53.7 
52.9 
52.5 
52.2 
51.9 
51.6 
51.4 
51.3 
51.2 
51.1 
75 
CP 
21.9 
27.3 
30.5 
34.2 
38.4 
43.4 
47.3 
50.2 
53.7 
57.9 
60.4 
63.4 
66.0 
70.0 
y 
72.6 
70.3 
68.2 
66.2 
65.6 
65.4 
65.2 
65.1 
65.0 
64.8 
64.8 
100 
CP 
23.6 
29.6 
37.8 
50.0 
55.6 
57.9 
60.6 
62.1 
63.8 
68.1 
72.8 
95 
TABLE - 5.3: CP (°C) data for x mM SDS + y mM P^aPBr. 
xH^25 50 75 100 
CP CP CP CP 
21.7 
21.3 
20.8 
20.4 
19.9 
19.6 
19.2 
18.9 
18.7 
18.5 
18.4 
18.3 
18.3 
18.3 
18.2 
23.5 
25.5 
27.7 
30.8 
34.5 
38.5 
43.0 
48.0 
52.0 
56.0 
59.5 
63.0 
65.0 
67.0 
74.0 
40.0 
38.7 
38.1 
37.5 
36.9 
36.6 
36.2 
36.0 
35.8 
35.6 
35.4 
24.5 
30.1 
33.3 
37.5 
41.0 
44.0 
47.0 
49.0 
52.0 
55.5 
59.5 
35.2 64.0 
34.9 71.0 
54.1 
52.9 
51.6 
50.4 
49.3 
48.4 
48.2 
48.0 
48.0 
24.3 
28.5 
33.7 
40.0 
49.0 
60.5 
64.0 
68.0 
70.5 
72.5 
70.7 
69.0 
67.4 
65.6 
65.2 
64.7 
64.4 
64.2 
64.2 
64.1 
64.0 
23.9 
28.1 
33.3 
39.5 
49.5 
53.0 
57.5 
62.0 
65.0 
67.0 
69.0 
71.5 
96 
Table - 5.4: Linear regression data (Slope, S; Intercept, I; and Regression 
Coefficient, r) for plots of [SDS] vs. [salt] for observing CP in SDS + 
quaternary phosphonium bromide solutions at the indicated 
temperatures. 
Temp. 
(°C) 
30 
70 
Bu4PBr 
S I r 
(mM) 
0.72 3.4 0.999 
0.55 -0.1 0.999 
(l)4PBr 
S I r 
(mM) 
0.68 3.4 0.999 
0.63 2.4 0.999 
Pr(t)3PBr 
S I r 
(mM) 
0.73 2.2 0.999 
0.60 3.7 0.998 
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TABLE - 5.5: CP (°C) data for 50 mM SDS + 36 mM Bu4PBr system with added 
hydroxy compounds. 
[Glycerol] 
(M) 
0.0 
0.07 
0.24 
0.65 
1.19 
1.97 
2.50 
CP 
36.5 
36.0 
35.5 
35.0 
33.5 
32.5 
31.0 
[Ethanol] 
(M) 
0.0 
0.1 
1.8 
4.0 
CP 
36.5 
34.5 
33.5 
32.5 
[Ehane-
diol] 
(M) 
0.0 
1.6 
3.5 
CP 
36.5 
36.0 
35.5 
[Propane-
diol] 
(M) 
0.0 
1.2 
2.5 
3.0 
CP 
36.5 
35.5 
34.5 
34.5 
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TABLE - 5.6: CP (°C) data for 50 mM SDS + 36 mM ^^PBr system with added 
hydroxy compounds. 
[Glycerol] 
(M) 
0.0 
0.23 
0.12 
0.21 
0.23 
0.26 
0.29 
0.32 
0.34 
0.36 
0.38 
CP 
45.5 
46.0 
47.0 
49.0 
49.5 
60.5 
52.0 
52.5 
53.0 
54.0 
55.0 
[Ethanol] 
(M) 
0.0 
0.04 
0.89 
0.17 
0.34 
CP 
45.5 
46.0 
47.0 
49.0 
54.5 
[Ehane-diol] 
(M) 
0 
0.04 
0.81 
0.12 
0.16 
0.17 
0.24 
0.28 
0.32 
0.35 
0.39 
CP 
45.5 
46.0 
46.5 
47.5 
48.5 
61.5 
51.5 
53.5 
54.5 
56.5 
61.5 
[Propane-diol] 
(M) 
0.0 
0.03 
0.07 
0.10 
0.14 
0.17 
0.19 
CP 
45.5 
47.5 
49.5 
52.5 
56.5 
60.5 
65.0 
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TABLE - 5.7: CP (°C) data for 50 mM SDS + 36 mM Pr(|)3PBr system with added 
hydroxy compounds. 
[Glycerol] 
(M) 
0.0 
0.07 
0.15 
0.26 
0.45 
0.65 
0.83 
1.00 
1.16 
1.29 
1.43 
CP 
35.5 
35.0 
36.0 
37.0 
39.0 
41.0 
43.5 
46.0 
49.0 
53.5 
64.0 
[Ethanol] 
(M) 
0.0 
0.07 
0.14 
0.21 
0.27 
0.34 
0.41 
0.57 
0.67 
CP 
35.5 
35.0 
35.5 
36.0 
37.0 
37.5 
38.0 
39.0 
41.0 
[Ehane-diol] 
(M) 
0.0 
0.11 
0.22 
0.33 
0.44 
0.65 
0.76 
0.86 
0.96 
CP 
35.5 
36.0 
37.0 
38.0 
40.5 
44.5 
47 
50.5 
56.0 
[Propane-diol] 
(M) 
0.0 
0.19 
0.26 
0.32 
0.38 
0.47 
0,49 
CP 
35.5 
39.5 
41.0 
44.0 
46.5 
54.5 
59.5 
100 
O 
o 
U 
[Bu/Br](mM) 
FIG. 5.1; Variation of cloud point (CP) with [Bu4PBr] at different 
fixed [SDS]: O, 10; • , 25; A, 50; A, 75; D, 100 mM. 
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FIG. 5.2: Variation of cloud point (CP) with [(t)4PBr] at different 
fixed [SDS]: O, 10; • , 25; A, 50; A, 75; D, 100 mM. 
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FIG. 5.3: Variation of cloud point (CP) with [P^sPBr] at different 
fixed [SDS]: O, 10; • , 25; A, 50; A, 75; D, 100 mM. 
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FIG. 5.4: Variation of the cloud point (CP) with [salt] for 50 mM 
SDS solutions: # , Bu4PBr; O, (^^?BT; A, Pr(i)3PBr. 
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FIG. 5.5: Plots between [SDS] and the minimum [salt] needed for 
the appearance of CP at 70 °C: • , Bu4PBr; O, (j)4PBr; A, Pr<t)3PBr. 
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FIG. 5.6: Plots between [SDS] and the minimum [salt] needed for 
the appearance of CP at 30 °C: # , Bu4PBr; O, (j)4PBr; A, Pr(t)3PBr. 
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FIG. 5.7: Cloud point variation in the system 50 mM SDS + 36 
mM Bu4PBr with the concentration of various hydroxy compounds: 
• , glycerol; A, ethanol; • , ethane-diol; O, propane-diol. 
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FIG. 5.8: Cloud point variation in tiie system 50 mM SDS + 36 mM 
^4PBr with the concentration of various hydroxy compounds: 
# , glycerol; A, ethanol; • , ethane-diol; O, propane-diol. 
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FIG. 5.9: Cloud point variation in the system 50 mM SDS + 36 mM 
Pr(t>3PBr with the concentration of various hydroxy compounds: 
# , glycerol; A, ethanol; • , ethane-diol;0, propane-diol. 
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The micellar surface region is accompanied by the presence of water of 
hydration. Also, a quaternary counterion, in addition to having a positive charge, 
carries four hydrophobic groups. Therefore, it can influence micellar surface 
region hydrophobically as well as electrostatically. It is quite obvious that at 
higher temperatures the micellar interfacial region is comparatively less hydrated 
and, therefore, electrostatic interaction would be dominant. In order to compare the 
effects of Bu4P"^  and ^^P^ on CP, we have to take into account the |charge| on 
phosphonium ion in both the cases. With ^4?*, the P would be under the 
environment of delocalized Ti-electron cloud of the phenyl rings. This would 
certainly reduce the net -i-vc charge on the ion and the resultant interaction with the 
anionic micellar surface. This is possibly the reason that more (|)4PBr is needed for 
the occurrence of CP at any particular temperature in comparison to Bu4PBr. 
Similar type of explanation has been invoked for the micellar growth of cationic 
micelles in presence of benzene. ''^  However, substitution of only one phenyl ring 
. . . : i i . _ 1 _ i . „ ; , . I ; i _ j?j?__i ^ i . _ ^ - / ~ _ - i > J . J r- . JI. - r t . ._^ 
Willi a [Jiyj^yi \^iiaiii i iai a iiiaigiiiai ciicv^i vjii uic aiiiuuiii vi bdii i iccucu lui uic iiibi 
appearance of CP in the 50 mM SDS micellar solutions. As the [salt] increases, 
the CP — [salt] profiles (Fig. 5.4) show different variation, which demonstrates 
that the phenyl salts are more effective in decreasing the CP (especially in the 
lower temperature range). No doubt, the hydration of interfaces would be different 
for SDS micelles in lower and higher temperature ranges. Therefore, electrostatic 
interactions at lower temperatures would be less significant with the salt 
counterion. In addition, volume of the counterion would also play a dominant role 
in removing the interfacial water. As the phenyl ring has more volume than the 
no 
butyl chain, one can expect removal of more water from the interfacial region with 
^4?*. This is further confirmed from the fact that Pr(j)3PBr becomes comparatively 
less effective than <j)4PBr in which one (()-ring is replaced by a propyl chain. 
Figs. 5.5 & 5.6 show the variation of [SDS] with the [salt] to get the CP in 
solutions of the systems investigated herein at 70 and 30 °C, respectively. The 
data were collected by performing measurements at different SDS concentrations. 
The figures show that indeed a linear relation exists between the [SDS] and [salt]. 
The regression data for these plots are recorded in Table 5.4 which show that, at 
70 °C, less number of molecules of Bu4NBr per mole of SDS are needed to get the 
CP. The re\erse is true at 30 '^ C. These results clearh- demonstrate that for the 
effectiveness of a salt in getting CP, the temperature is also important which 
corroborates with the earlier explanation (vide supra). However, the data could not 
be compared with earlier ones as it was not possible to perform studies at higher 
temperatures as the phase boundaries surpassed very quickly around ~ 75 °C 
which made practically impossible to record CP's and concentrations above 
75 °C. 
In an attempt to see as how additives influence CP, the effect of addition of 
various hydroxy compounds (ethanol, ethane-diol, propane-diol, and glycerol, 
Figs. 5.7 - 5.9) was investigated on the CP-behavior of 50 mM SDS + 36 mM salt 
systems (the systems were chosen due to wide temperature windows). We see that 
the influence of the hydroxy compounds on CP is dependent upon the nature of 
salt present is the system. With Bu4PBr, a CP-decreasing effect is observed, while 
with phenyl salts ((l)4PBr or Pr(|)3PBr) the opposite is true. It may recalled that 
I l l 
increase in cmc of surfactants with such solvents had been accounted for due to 
partial changes in the solvent environment of hydrophilic groups of the surfactant 
used. ' ' It is also known that the solubility of hydrocarbons increases with 
increasing ethane-diol content in ethane-diol - water mixtures.^^'' Therefore, the 
main role of these additives presumably consists of the increased solubilization of 
the alkyl chains of SDS with resultant disruption of hydrophobic interactions. The 
above interrelated factors seem to be responsible for the present CP behavior with 
({)4PBr or Pr(j)3PBr systems. 
The effect of these compounds on CP behavior of Bu4PBr system demands 
a separate comment. As mentioned earlier, the phosphonium counterion with the 
phenyl rings is more voluminous than its n-butyl counterpart. Since most of these 
compounds have three-dimensional structure"'*'^  and are comparatively bulkier"'^ ,^ 
their incorporation in the headgroup region is dependent upon the available space 
over there. Hence it seems that incorporation of these compounds in the 
headgroup region would be easier m case of Bu4p^ with the concomitant 
dehydration of headgroup region and CP decrease: this indeed is the case (Fig. 
5.7). Contrary to this, the incorporation is hindered by presence of the bulky 
phenyl rings in ^4PBT or Pr<t'3PBr with the result of which the simple increased 
solvation effect dominates and may be the reason for continuous CP increase 
(Figs. 5.8 & 5.9). 
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